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ABSTRACT 
Heat waves have significant impacts on managed and unmanaged plant productivity. Yet, current 
studies of the effects of heat waves on crops are confined to post-mortem and historical analyses. 
There are no field based heat wave studies on major crops. In the past decade, the development 
of efficient infrared (IR) heating technology has made it possible to precisely control plant 
canopy temperatures and simulate heat waves in the field. 
Heat wave research was conducted at the SoyFACE research facility in Urbana, IL. 
Thirty years of climate data from Central Illinois were analyzed to determine the characteristics 
of a historically plausible, yet extreme heat wave. Heat waves were defined as 3 day long events 
where canopy temperatures were kept a minimum of +6 oC above the daily 30 year mean. The 
first two chapters of research used IR heaters to simulate heat waves in corn (Zea Mays) and 
soybean (Glycine Max). The principle focus of the research was on how heat waves affected: 
plant water status, source dynamics, sink behavior and seed yield in the field.  
The first chapter is composed of two years of heat wave data. In 2010 and 2011 a total of 
five heat waves were applied to soybean (Glycine max) in early and late reproductive periods. It 
was hypothesized that 1) if leaf temperatures in the heat wave plots reached supra optimal 
temperatures, then it would reduce rates of photosynthesis (A) and reduce yield in the short and 
long term. In the short term heat waves would reduce stomatal conductance (gs) and the internal 
carbon dioxide concentration inside the leaf (Ci) and increase photorespiration. In the long term 
heat waves would decrease the operating efficiency of photosystem II or alter leaf biochemical 
properties, i.e. the maximum rate of rubisco carboxylation (Vcmax ) or the maximum rate of 
electron transport (Jmax). Additionally, because soybeans flower and set pods for 25-35 days it 
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was hypothesized that any direct reproductive damage would be negligible due to the long 
flowering time and high number of reproductive units. 
 Surprisingly, even though heat waves caused significant oxidative stress to leaf tissue, 
there were few long term effects on the rates of A. Additionally, it appeared that in 2010 the 
direct effect of heat waves on reproductive structures may have been a significant cause of yield 
loss, since yield loss only occurred when heat waves were applied to later, sensitive reproductive 
periods. A follow up experiment in 2011 that tracked pod set showed that yield losses during that 
heat wave could be attributed to pod abortion on lower nodes of the plant. 
 The experiment in the second chapter was performed in 2011. Two three-day long +6 oC 
heat waves were applied to corn (Zea mays), first to an early vegetative stage (V6) and later to a 
critical reproductive stage (R1, silking). Compared to the control treatment, the heat wave during 
R1 significantly reduced reproductive growth (seed + cob + husk tissue).  
 Heat waves increase atmospheric vapor pressure deficit (VPD), which drives greater 
evapotranspiration (ET) and leads to plant water loss, decreased A, growth and yield. However, 
neither of the heat waves in 2011 caused lasting changes to leaf water potential or significantly 
increased monthly ET. It is also unclear if either of the heat wave treatments actually decreased 
A’: decreased midday A was not always associated with a change in nonstructural leaf 
carbohydrate content or specific leaf weight. Heat waves can also disrupt reproductive timing 
causing asynchronous flowering of male and female flowers. But, neither heat wave had an 
effect on the rate of reproductive or vegetative development. In corn, heat waves altered 
reproductive growth without long term effects on A, development or water status.  
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The third and last chapter of this thesis is an experiment from 2012 that attempts to 
broaden the scope of heat wave research. Two extended five day long +6 oC heat waves were 
applied to soybean at an early flowering (R1) and seed fill stage (R5). Heat wave treatments 
were replicated at ambient CO2 concentrations (400 ppm, aCO2) and concentrations projected for 
the year 2050 (600 ppm, eCO2). This experiment aimed to discover whether or not eCO2 and heat 
wave treatments would interact synergistically to improve seed quality and quantity.  
The first hypothesis was that eCO2 will mitigate yield loss caused by heat waves. 
Soybean grown in eCO2 has reduced gs, which leads to lower rates of canopy ET and improved 
soil moisture reserves. Additionally, the temperature optimum of A is greater in eCO2 than aCO2. 
Theoretically, greater soil moisture availability during the heat waves and an improved tolerance 
to high temperature should lead to higher rates of gs and A in the eCO2 heat wave plots. The 
second hypothesis was: if bulk flow is limiting nutrient availability in eCO2 and ET is increased 
by heat waves then heat waves in eCO2 will have improved seed quality relative to the eCO2 
control. Seed quality of soybean grown in eCO2 is diminished due to decreased ET and bulk flow 
of water. Heat waves decreased carbon uptake during both heat waves; heat waves caused 
reductions in A and SLW. Although those reductions did not translate to a significant reduction in 
seed yield or above ground biomass during either heat wave. Seed quality was also unaffected by 
heat waves. There was, however, the discovery that for certain nutrients there is strong canopy 
position effect. For example iron concentrations were 70% greater in seeds at the bottom of the 
canopy.  
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CHAPTER 1 
Historically plausible heat waves during reproductive growth in soybean (Glycine max) 
cause significant yield loss despite a rapid recovery from oxidative stress. 
Abstract: 
Heat waves already have a large impact on crop physiology and productivity and are predicted to 
become longer, more intense and more frequent in the future. This is the first heat wave study on 
soybean using infrared (IR) heating technology in a fully open-air field experiment. Five separate 
heat waves were applied to field grown soybean (Glycine max) in central Illinois, three in 2010 
and two in 2011. Thirty years of historical weather data from Illinois was analyzed to determine 
the length and intensity of a regionally plausible heat wave: each experimental heat wave was a 
three day long event where canopy temperatures were elevated 6 °C above ambient. Heat waves 
were applied during early or late reproductive stages to determine if and when heat waves had an 
impact on carbon metabolism and seed yield. By the third day of each heat wave, relative to the 
control, net photosynthesis (A), specific leaf weight (SLW) and leaf total non-structural 
carbohydrate concentration (TNC) were decreased while leaf oxidative stress was increased. 
However, A, SLW, TNC and measures of oxidative stress were no different than the control the 
day after the heat waves were powered off, indicating rapid physiological recovery from the 
stress. Seed yield was reduced by ca. 10% when heat waves were applied during early pod 
development stages, and there was no evidence that soybean was able to moderate yield loss 
after late reproductive heat waves. This study shows that short high temperature stress events that 
reduce photosynthesis and increase oxidative stress result in significant losses to soybean 
production in the Midwest, U.S. The study also suggests that to mitigate heat wave-induced yield 
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loss, soybean needs improved photosynthetic and reproductive tolerance to extreme but 
increasingly common temperatures. 
Introduction: 
Heat waves are meteorological phenomena that are characterized by a high pressure system 
lingering over an area of high temperature (Stefanon et al., 2012). There are no universally 
accepted conventions that stipulate how long or hot a high temperature event must be before it is 
considered a heat wave (Tong et al., 2012). In the broadest sense, the United States’ National 
Oceanic and Atmospheric Administration (NOAA) defines a heat wave as “a period of 
abnormally and uncomfortably hot and unusually humid weather [which typically] lasts two or 
more days.”  
Heat waves have dramatically impacted crop and forest productivity (Filewod and 
Thomas, 2014; Ciais et al. 2005). In 2003, a heat wave in Europe caused an estimated 13 billion 
dollars in agricultural loss (Parry et al., 2007). During a heat wave that covered most of eastern 
Russia in 2010, wildfires emitted 10 Tg of CO2 (Konovalov et al., 2011). Heat waves are 
predicted to increase in frequency and intensity with global climate change (Seneviratne et al., 
2012; Meehl, 2004). However, few experimental efforts have been made to quantify how heat 
waves impact plant physiology and yield production. 
Soybean (Glycine max) is the fourth most important commodity crop globally and grown 
over 67 million acres of the United States (USDA, 2011). It is sensitive to periodic temperature 
increases and in the Midwestern United States may be growing close to or above its temperature 
optimum (Ferris et al., 1999; Lobell et al., 2003; Kucharik et al., 2008;). Additionally, 
reproductive development typically has a lower temperature optimum than vegetative growth; 
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the optimum temperature for soybean reproductive growth is ca. 26 °C, whereas the optimum 
temperature for vegetative growth is ca. 30 °C (Hatfield et al., 2011). Thus, heat waves could 
have large economic and ecological effects on soybean.  
There are a number of ways that supra optimal temperatures and heat waves affect plant 
productivity. In soybean, two of the processes that are the most sensitive to temperature and 
central to final yield and productivity are photosynthesis (A) and pod set (Zinn et al., 2010). 
Photosynthesis can be affected by temperature in direct or indirect ways. Indirectly, prolonged 
extreme temperature events increase the vapor pressure deficit and evaporative demand 
(DeBoeck, 2010). This depletes soil moisture and causes stomatal closure, leading to decreased 
rates of A. Directly, in C3 plants such as soybean, the largest decrease in A due to elevated 
temperatures is caused by an increase in the rate of photorespiration. Higher temperatures alter 
the enzymatic properties of rubisco and decrease the solubility of CO2 relative to oxygen. Both 
of those factors favor increase oxygenation of ribulose-1,5-bisphospate (RuBP) by rubisco at 
elevated temperature (Badger et al., 1974). Rubisco activase can also be directly affected by 
elevated temperature and has been linked to declines in photosynthesis at supra-optimal 
temperatures (Salvucci et al., 2004). The permeability of the thylakoid membrane increases with 
temperature, which compromises the membrane’s ability to maintain charge separation (Schrader 
et al., 2004). Damage to the water evolving complex and photosystem II also occurs at supra-
optimal temperatures, and it can be measured as a decrease in the operating efficiency of 
photosystem II (ϕPSII) using fluorescence techniques (Baker, 2008). The hardiness of PSII and 
rubisco activase to resisting temperature stress is species dependent, but generally the operating 
efficiency of PSII begins to decline above 35 °C (Gamon et al., 1990).  
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The transition from a fertile flower to a developing pod is known as pod set. Like other 
legumes, it is sensitive to temperature and photo-assimilate availability (Boote et al., 2005). The 
rate of pod set and seed growth in soybean is consistent from 22 to 30 oC but decreases sharply at 
higher temperatures (Egli et al., 1980).   
Plants have an extensive capacity to mitigate damage during and recover from extreme 
heat events. High temperatures can stimulate the development of flowers and pods on secondary 
and tertiary inflorescences in soybean to moderate yield reduction (Koti et al., 2005; Zheng et al., 
2002). Furthermore, soybean has an extended flowering period and produces flowers for 
approximately 20 to 30 days (Castro et al., 2009; Smith et al., 1988), which should allow for the 
avoidance of periodic temperature stress. Photosynthetic and respiratory acclimation can also 
occur at increased temperatures. This acclimation can include but is not limited to: decreased 
daytime respiration, increased electron transport capacity and the synthesis of a heat stable 
rubisco activase (Way et al., 2014; Sage et al., 2007). Although recovery is not instantaneous, 
damages to PSII also recover after stress. After a prolonged drought and rewatering, cowpea 
fluorescence parameters recovered within 3 days (Souza et al., 2004). However, increased 
oxidative stress, which is associated with elevated temperature, is expected to slow the repair of 
the photosynthetic machinery (Nishiyama et al., 2001).  
We hypothesized that if leaf temperatures within the heat wave treatments consistently 
exceed optimal temperatures then (1) photosynthesis will be decreased in the short term by 
lowering Ci and increasing the proportion of photorespiration relative to carbon assimilation, 
and (2) damage, which compromises ϕPSII, will cause reductions in carbon assimilation that will 
persist for a period after the end of the heat wave and affect season long yield. Also, given the 
length of the heat wave treatments relative to the length of the developmental periods over which 
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they were applied, (3) any direct damage done to reproductive structures or processes will be 
negligible due to the long flowering period for soybean and its consequent ability to compensate 
for yield loss. To investigate these predictions we elevated plant canopy temperatures in field-
grown soybean by 6 °C for three day periods at discrete crop developmental stages over two 
growing seasons in order to determine the effects of a historically plausible heat wave in central 
Illinois on soybean physiology and productivity. 
Methods: 
Site and heating infrastructure description 
Field-grown soybean (Glycine max cv. Pioneer 93B15) was exposed to three heat waves during 
2010 and two heat waves during 2011 using arrays of infra-red lamps at the SoyFACE research 
facility located on the University of Illinois research farm, Savoy, IL, USA. The 32 ha field site 
is planted half in corn and half in soybean, and these crops are rotated yearly. The site is tile 
drained and employs standard agronomic practices for the region. Soybeans were planted in 0.75 
m row spacing in 2010 and 0.4 m row spacing in 2011.  
The IR heating method in this experiment is modified from Kimball et al. (2005) and 
fully described in Ruiz-Vera et al. (2013). To briefly describe the heating infrastructure, the 
circular heated area of each heat wave subplot was 7 m2. In 2010 the heat wave treatments 
covered a width of 5-6 rows of plants and 11-13 rows in 2011. Heaters (Salamander Aluminum 
Extrusion Reflector Assembly Housing for Ceramic Infrared Heaters; Mor Electric Heating 
Association Inc., Comstock Park, MI, USA) were hung in a hexagonal arrangement 1.2 m above 
the canopy and mounted at a 45o angle facing into the plot. Each heater contained four ceramic 
heating elements (Mor-FTE 1000W heaters; Mor Electric Heating Association Inc.). Two 
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infrared radiometers (IRR) (SI-121; Apogee Instruments, Inc., Logan, UT, USA) were positioned 
in each block at the height of the heaters, and monitored the canopy surface temperature in the 
heat wave plot and the control plot. The IRR canopy temperature data were relayed to a central 
computer. The electrical output to the heaters was continuously modulated to maintain surface 
canopy temperatures in the heat wave plots at the target temperature using a dimmer system 
(Model LCED-2484, 240V, 35A; Kalglo Electronics Co., Inc., Bethlehem, PA USA).  
The experiment was a randomized complete block design (n=3 in 2010, n=4 in 2011). In 
2010, when heat waves were applied at three different crop developmental stages, each block 
contained four subplots: the control subplot and three treatment subplots for the three heat 
waves. The subplots were arranged side by side. The order of the subplots was randomized 
within each block. An additional 4.6 m wide row of soybean at the same row spacing was 
planted around each rectangular block as a buffer zone. In 2010 this consisted of 6 buffered rows 
of plants at 0.8 m row spacing and in 2011. Blocks were designed the same way in 2011 but 
included only two treatments and the control.   
Heating infrastructure was relocated during the growing season to the different heat wave 
plots, allowing each subplot to be heated during a different developmental stage. Heaters and 
IRRs were installed one week prior to each heat wave and removed three days after the heat 
wave ended. Table 1.1 provides the timing of each heat wave for both years. Heat wave one in 
2010 is referred to as Wv10.1, the second as Wv10.2 and the third as Wv10.3. The two heat 
waves in 2011 are Wv11.1 and Wv11.2.  
Establishing the characteristics of a historically relevant heat wave  
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To define a heat wave in central Illinois, 30 years of historical weather data from June, July and 
August were analyzed to identify a target temperature and duration that was realistically extreme. 
We determined the frequency of days that were 2 to 8 oC above the 30 year mean for that month 
(MRCC Applied Climate System; http://mrcc.isws.illinois.edu/MACS/). Temperature aberrations 
that were 7 or 8 oC above the 30 year mean were too infrequent to be considered historically 
plausible: in the past 30 years, less than 1% of days in June, July or August experienced a day 7 
or 8 °C above the 30 year mean. Events where the temperature was 5 degrees above the 30 year 
mean were deemed too common: ca. 10% of days in June, July and August over the past 30 had 
mean daily temperatures 5 oC above the monthly mean. Focusing on events where the 
temperature was 6 oC above the monthly mean, two day long heat waves were deemed too 
frequent. There were 18 occasions in the past 30 years where there was a two day long 6 oC heat 
wave, meaning there was a better than 50% chance each year of experiencing such an event. 
Three day-long 6 oC heat wave events occurred approximately once in every five years and were 
thus considered both plausible and extreme. 
During each heat wave treatment, infrared heaters were turned on at 4:30 a.m. Heated 
subplots were kept 6 oC above ambient temperatures except under two conditions. First, if the 
canopy temperature dropped below the Fourier-transformed 30 year mean at any time for a given 
day, the canopy temperature was elevated 6 oC above the 30 year mean. This created historically 
extreme heat wave treatments even on days that were cooler than average. Second, to avoid 
scorching leaves, heat wave subplots were not heated beyond 40 oC.  
Development 
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In 2010 the developmental stage of five plants in each plot was measured two days before and 
two days after each heat wave. In 2011 five plants were tagged in each plot, and their 
development was tracked over the course of the growing season. Measurements were made every 
2-3 days. The vegetative and reproductive stage classifications followed Fehr and Caviness 
(1977).  
Pod Painting 
In 2011 to track temporal pod development throughout the canopy, ten plants in the control and 
Wv11.2 subplots were flagged for pod painting. Beginning at R2 each flagged plant was checked 
for newly developed pods every 2-3 days. Any pod greater than 10 mm in length was considered 
fully developed (Egli et al., 2006) and marked. Pods were dotted with water-based acrylic paint 
on the proximal and distal tips. The two colors that each pod had been painted represented the 
number of days the pod developed after the beginning of full flowering (R2). At final harvest the 
node placement, height and emergence time (measured as days after R2) was recorded for each 
painted pod.  
Gas Exchange 
Midday and diurnal gas exchange and fluorescence measurements were taken in situ on the 
youngest most fully expanded leaf using open path infra-red gas analyzers (LI-COR-6400, 
LiCOR, Lincoln, NE, USA) equipped with fluorescence heads. Midday gas exchange 
measurements were taken between 11:30 a.m. and 1 p.m. on the day preceding each heat wave 
(day 0), the first day of the heat wave (day 1), the third and final day of each heat wave (day 3), 
and the day after the heat wave (day 4/recovery). Midday gas exchange data for these time points 
were extracted from diurnal gas exchange data taken on days 3 and 4. Diurnal gas exchange and 
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leaf fluorescence measurements were done on days 3 and 4 to assess recovery. Due to rain, the 
Wv11.2 recovery diurnal was done two days after the end of the treatment. Photosynthetic 
photon flux density (PPFD), defined as micromoles of photosynthetically active radiation per 
meter squared per second, in the leaf chamber was adjusted to match ambient light intensity, 
which was measured using an on-site weather station previously described in Leakey et al. 
(2004). Block temperatures were adjusted before each time point so that leaf temperatures within 
the gas exchange chambers matched average values measured by the IRRs in each plot.  
In 2011, photosynthesis vs. intercellular [CO2] (A/Ci) curves were measured using the 
same instrumentation described for midday and diurnal gas exchange measurements. The 
youngest most fully expanded leaves from 2 plants per plot were harvested pre-dawn and then 
taken back to the lab, where the petioles were recut under water and stored in low light until 
measured. The re-cut petiole was kept in water. Leaves were allowed to acclimate (1700 µmol 
PPFD for 10 minutes) before beginning A/Ci measurements. Light levels on all curves were set at 
1700 µmol PPFD and the block temperature of the gas exchange chamber was set to. Plots of A 
vs. Ci were used to solve for Vcmax and Jmax using the equations of Farquhar et al. (1980). CO2 
concentrations in the leaf chamber were adjusted in the following order: 400, 300, 200, 100, 50, 
400, 600, 800, 1000, 1200, 1500 ppm. When necessary, measurements were corrected to leaf 
temperatures of 25 °C using the temperature responses of Bernacchi et al. (2001). 
Respiration 
In 2011, the dark-adapted rate of leaf respiration was measured as CO2 efflux in situ from the 
youngest most fully expanded leaf on the second night of Wv11.1 (DOY 195) and Wv11.2 (DOY 
233). Measurements started two hours after sunset and were completed by 2 a.m. Two 
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subsamples were measured per plot. Whole leaf respiration rates were measured using a 
customized leaf chamber that enclosed an entire trifoliate (Gillespie et al., 2012). Leaf 
temperatures inside the chamber were kept at the temperature measured by the IRR for the 
control or heat wave plots. After leaf respiration reached uniform rate, approximately 10 minutes 
after clamping onto a leaf, the values were logged and the measured leaf was tagged, removed 
from the plant and stored in a sealed plastic bag. Immediately after the gas exchange 
measurements, trifoliate area was determined (LiCOR-3100 leaf area meter (LI-COR, Inc.) and 
then used to normalize respiration rates to leaf area. 
Leaf water potential 
To measure leaf water potential, three 0.5 cm2 leaf discs were collected from the youngest fully 
expanded leaf. Samples were taken at the same time as midday gas exchange measurements. 
Leaf disks were sealed into steel chambers containing thermocouple psychrometers (C-30, 
Wescor Inc., Logan, UT) and taken back to the lab where they equilibrated at 25 oC (Leakey et 
al., 2006). After thermal equilibration, WP was measured using an integrated dew point micro-
voltmeter (HR-33T; Wescor). Once WP was measured the chambers were submerged in liquid 
nitrogen for 60 seconds and the thermal equilibration and measurement were repeated to 
determine osmotic potential (OP). The turgor potential (TP) was calculated as WP–OP. The 
thermocouples were calibrated independently each year using sucrose solutions ranging in 
concentration from 0 to 1.60 M; this curve was used to correct raw data from the thermocouple 
psychrometers. 
Soil moisture  
Soil moisture volumetric water content was measured in 2010 and 2011 using a time domain 
reflectometry soil moisture meter with 20 cm rods (Field Scout TDR 300, Spectrum 
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Technologies Inc., Aurora, IL, USA). Soil moisture was measured four times per heat wave; the 
day preceding, the first day, the third/last day and one day after each heat wave. Six readings 
were taken between noon and 2 p.m. per subplot; three between row and three within rows.  
Tissue Biochemical Analysis 
For specific leaf weight (SLW; g m-2) three leaf disks were sampled at midday, dried in an oven 
at 50 °C for one week and weighed. Leaf discs were always sampled from the middle leaflet, 
avoiding the mid-vein. For analysis of leaf total non-structural carbohydrates (TNC), one leaflet 
from five plants per plot were combined and ground in liquid nitrogen. Approximately 30 mg of 
tissue was used to extract TNC constituent components.  
Glucose, fructose and sucrose were extracted in ethanol and measured as glucose 
equivalents with a continuous enzymatic substrate assay (Jones et al., 1977). Starch content in 
the remaining pellets of the ethanol extracts was converted to glucose by incubation with exo- 
and endoamylases (Geigenberger et al., 1996). Starch was subsequently measured as glucose 
equivalents. For analysis of ascorbate content, one leaf disk (1.34 cm2) was sampled from 3 
plants per plot and immediately frozen in liquid nitrogen and then transported to the lab for 
storage at -80 °C. Leaf ascorbate content, including reduced, oxidized and total ascorbate, was 
determined using the methods of Gillespie and Ainsworth (2007). 
Final Harvest 
On DOY 283 in 2010 and on DOY 293 in 2011, 0.57 m2 of soybean were harvested. Rectangular, 
two row sections were removed from areas of each subplot that were not touched by destructive 
sampling during the season. There were two buffer rows of plants between edge of the treatment 
and the area that was sampled for final harvest. On each plant the number of pods, were counted 
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and the stems and pods were separated. The tissues were dried in an oven at 65 °C for a week, 
weighed and then the pods were mechanically threshed to determine seed yield. Two hundred 
randomly selected seeds were counted out from each subplot and weighed to determine 
individual seed weight. In addition, to examine yield components by height in 2011, ten extra 
plants from Wv11.2 and the control plots were harvested. The pods in each 10 cm increment 
were counted, dried, and the seeds were counted and weighed. 
Statistics 
Analyses were performed on subplot means (n=4, 2011; n=3, 2010) in SAS using the MIXED 
procedure. Heat waves were analyzed independently as a mixed model ANOVA. In all cases, 
block was considered a random effect and the effect of a heat wave was fixed. For development 
and midday gas exchange data, DOY was included in the model as a repeated measure. Also, for 
the temperature profile and yield component by height data, measurement height was included in 
the model as a repeated measure. In situ gas exchange data and temperature profile data were 
analyzed separately for each DOY. T-tests were performed on SLW, TNC and yield 
measurements. 
Results: 
Background meteorological conditions were variable and canopy heating treatments were 
successful, affecting leaf water potential only when soil moisture was low 
During each heat wave, the infrared heating system successfully elevated canopy temperatures. 
Wv10.1, Wv10.3, Wv11.1 and Wv11.2 were all within 15% of the target temperature 85% of the 
time. Wv10.2 was not controlled as well as the other heat waves. It was within 15% of the target 
47% of the time. Night time temperatures were lower than average during Wv10.1 and Wv10.2, 
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leading to night time temperature differentials of 10 °C during Wv10.1 and 8 °C during Wv10.2 
(Table 1.2).  
Figure 1.1 illustrates the performance of the heaters and the heating protocol. It shows 24 
hours of canopy temperature data from the IRRs on day 2 of Wv10.2. Nighttime temperatures at 
the beginning of day 2 were below the 30 year mean and were heated to the minimum heat wave 
threshold. Toward noon, temperatures were around the 30 year average and canopy temperatures 
were elevated to near the upper temperature threshold (40 oC) in the heat wave plots. At night, 
the canopy temperatures were again below the 30 year mean and thus heated back to the 
minimum heat wave temperature threshold. 
Soil moisture was only affected by Wv10.1, when the heaters were the closest to the 
ground and the row spacing was wider. The decreased soil moisture during Wv10.1 did not lead 
to changes in leaf water potential (Table 1.3). Midday leaf water potentials were affected in two 
of the five heat waves, both of which coincided with the driest period (Table 1.3). Compared to 
the control, leaf water potential was significantly reduced by 0.29 MPa on the day 3 of Wv10.3 
(p = 0.0082) and 0.16 MPa on day 3 of Wv11.2 (p = 0.02).  
Heat waves reduced primary metabolism but the reductions were transient 
Midday gas exchange measurements in 2010 and 2011 were similar in that there were consistent 
reductions in A and gs during the heat wave treatment as compared to the control later in the 
season when background conditions were hotter and drier (Fig. 1.2, Table 1.3). However, even 
when the heat wave treatments caused reductions in midday A, there was typically full recovery 
of photosynthesis on the day following the heat wave. During Wv10.3, there was a significant 
14 
 
day × treatment effect on A, gs and ϕPSII (Fig. 1.2j, k, l). These parameters all decreased during 
Wv10.3, but then recovered completely by the following day.  
The lack of change to ϕPSII suggested that there was little or no damage to the 
photosynthetic apparatus except during the hottest and driest heat waves, Wv10.3 and Wv11.2. 
Furthermore, any differences in ϕPSII at midday were transient and did not persist on day four, 
the day after the heat wave (Fig. 1.2d, h, l, p, t). The ϕPSII was significant during Wv10.3 and 
Wv11.2, and multiple statistical comparisons of the least squared means showed that there were 
no differences between the heated and control plots at midday on the day following the heat 
waves (data not shown). 
Reductions in A were typically associated with decreases in SLW (Oren et al., 1986). 
SLW was significantly decreased (p < 0.1) on the first and third day of each heat wave and was 
never significantly different from the control on the day after the heat wave (Fig. 1.3c, f, i, l, o). 
This included an initial decrease of 13% on the first day of the treatment relative to control. By 
the last day of the heat wave, the decreases in SLW were less pronounced but still significant. 
Therefore, it was unlikely that permanent structural changes in the leaf were altered by the heat 
wave. To investigate the mechanism underpinning the decrease in SLW, we monitored changes in 
leaf carbohydrate content throughout the heat waves. Decreased amounts of leaf total non-
structural carbohydrate (TNC) content were observed in all five of the heat waves (Fig. 1.3a, d, 
g, j, m). Similar to the changes for SLW, the decrease in TNC content was only during the heat 
wave treatment and again returned to control amount by the day following the conclusion of the 
heat wave.  
Rapid change in oxidative stress and primary metabolism were followed by a quick recovery 
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To assess the impact of the heat waves on the oxidative stress status of leaves, we quantified the 
concentration of leaf ascorbate. Ascorbate is a major antioxidant that plants use to detoxify 
harmful reactive oxygen species (ROS) generated by oxidative stress. The percent of reduced 
ascorbate was significantly decreased during every heat wave except Wv10.2 (Fig. 1.3b, e, h, k, 
n), indicating that for these heat waves the treatment was sufficient to induce strong oxidative 
stress. Similar to SLW and TNC, reduced ascorbate in the heat wave treatments returned to 
control levels within a day following the heat wave. In addition, total ascorbate levels (i.e., 
reduced plus oxidized) were decreased at day three in every heat wave except Wv10.2 (data not 
shown).  
Leaf photosynthetic physiology was altered but there were no differences in whole leaf 
respiration 
To better understand the mechanisms that drove the decrease in A, SLW and TNC seen during 
the heat waves, A vs. Ci curves were measured on day two of Wv11.1 and Wv11.2 ; and night-
time respirations rates were measured on night two of Wv11.1 and Wv11.2 (Fig. 1.4a, b). During 
Wv11.1 there was a significant increase in Vcmax and no change to Jmax (Fig. 1.4a). Wv11.2 saw a 
reduction in both Vcmax and Jmax relative to the control. Nighttime respiration rates were no 
different than the control in either Wv11.1 or Wv11.2 (Fig 1.4b).  
 Heat waves did not speed or slow development but caused reductions in yield when applied 
during pod set  
The heat waves in 2010 or 2011 did not alter plant development, neither speeding nor slowing 
reproductive or vegetative growth. Although the heat waves were applied during a small window 
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of season-long growth, they could span significant portions of a given reproductive stage; for 
instance, 27% of R4 occurred during Wv11.2. 
There was a consistent ca. 10% reduction in yield due to heat waves applied during 
reproductive phases that coincided with pod set: 10% during Wv10.2 (p = 0.07) and 17% in 
Wv11.2 (p = 0.06) (Fig 1.5a). Though the decrease in yield in Wv10.3 was similar in magnitude 
to Wv10.2, it was not statistically significant (p = 0.58) due to increased variance in yield in the 
Wv10.3 subplots. The decrease in yield for plants experiencing Wv11.2 can be attributed to a 
statistically significant decrease in the number of pods per plant (Fig 1.5c). Within each year 
individual seed weight and the number of seeds per pod were unaffected by the heat wave 
treatment (Fig. 1.5b, d; Fig. 1.6a, b).  
From the ten subsampled plants in the pod painting analysis, there were 1234 pods in the 
control plots and 1098 pods in the Wv11.2 plots. 90% of those pods had distinguishable marks: 
there were 1122 marked pods from the control and 998 marked pods in the Wv11.2 plot. The 
application of acrylic paint used to mark pods had a varied effect on pod development. 
Compared to the plants used in the yield component by height analysis, which were not marked 
with acrylic paint, there were 6.3 fewer pods per plant in the control of the pod painting 
experiment (p = 0.05). However, there was no difference in the number of pods per plant 
between painted vs. unpainted plants from the heat wave treatment (p = 0.24). Plants began 
setting pods on the lower regions first, closest to the ground and set the most pods 8-12 days 
after R2 (Fig. 1.7a-f). During the Wv11.2 heat wave, 18-21 days after the onset of R2, there was 
a reduction (p = 0.05) in the number of pods produced (Fig. 1.7e). The significant reduction was 
driven by a decreased number of pods 30-50 cm from the ground. No other yield component was 
significantly affected by Wv11.2.  
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Discussion: 
This is the first experiment to use IR heaters to study the effects of a regionally defined heat 
wave on soybean physiology and productivity. A +6 C, 3 day heat wave strongly impacted leaf 
physiology (e.g., A, gs, ϕPSII, TNC, and oxidative stress) especially when background soil 
moisture concentrations were low (Wv11.2). In most cases parameters quickly recovered within 
24 h of the end of the heat wave. Vcmax was increased during Wv11.1 but both Vcmax and Jmax 
decreased during Wv11.2. Heat waves did not alter the rate of reproductive or vegetative 
development. However, there were significant reductions in yield when heat waves were applied 
during reproductive stages that coincided with early pod development. The fact that yield was 
not reduced during early and late reproductive phases of heat waves, despite large leaf 
physiological responses, suggests that a significant portion of the yield response is a product of 
direct impacts on reproductive processes, rather than carbon balance.  
The first hypothesis was supported. Except for Wv11.1 midday A and gs were 
significantly reduced by every heat wave. The second hypothesis, however, was partially 
rejected. Prolonged oxidative stress and damage to the photosynthetic machinery did not cause a 
long term decrease in photosynthesis. Observed reductions to ϕPSII signifying damage to the 
photosynthetic apparatus did not result in any lingering reductions in photosynthesis after the 
heat waves. The rapid recovery of ϕPSII after the heat wave treatment was surprising since 
drought and an increased amount of oxidative stress are expected to slow the repair of the 
photosynthetic machinery (Souza et al., 2004; Nishiyama et al. 2001).  
The third hypothesis that any direct damage done to reproductive structures or processes 
will be negligible due to the long flowering period for soybean and its consequent ability to 
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compensate for yield loss was partially supported. Reproductive development spanned long 
enough to tolerate heat waves that occurred during early flowering stages (R1). However, heat 
waves had the most significant effect when they were applied during early pod development: 
Wv10.2 was applied during R3 and Wv11.2 was applied during R4. This observation is 
consistent with historical soybean yield data showing that yield is negatively correlated to 
temperature increases above the 30 year mean in July and August (Tannura et al., 2008). One 
possible explanation for the decrease in yield during R3 and R4 is that early soybean flowers 
(R1) abort at a much lower rate than flowers that develop later (R3) (Heitholt et al,. 1986). Heat 
wave treatments during early reproductive stages, Wv11.1 and Wv10.1, had no effect on yield. It 
is possible that plants in early flowering were able to moderate yield loss because they were still 
setting pods from early flowers, even after the heat wave. However, due to the high abortion rate 
of later developing flowers, few pods would be able to set after heat waves applied during later 
reproductive stages. This explains why after Wv11.2 there was no pod set in the control or 
Wv11.2 plots. Pod set was decreased in the heat wave at a time when there was no window to set 
additional pods, 22-27 days after R2 (Fig. 1.7e, f). 
Differential acclimation of photosynthesis may also explain why there was no reduction 
in yield caused by early reproductive heat waves. Thermal acclimation to elevated temperatures 
has been observed within two days (Sage et al., 2007) and during Wv11.1 Vcmax was increased 
compared to the control. However, acclimation of Vcmax during Wv11.1 did not lead to 
persistently higher rates of A or increased biomass. It is likely that acclimation occurred only in 
leaves that experienced the treatment; in 2010 the effect of each heat wave on A was tracked 
throughout the season on later cohorts of leaves that did not directly experience the heat wave 
treatment. During Wv10.3 there was no difference in A between the control and plants that 
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experienced Wv10.1 (data not shown). Later in the season, when the acclimated leaves became 
shaded, photosynthesis would be limited by electron transport, negating any persistent increase 
in Vcmax would have on A. Wv11.1 was applied during V7 (seven fully developed leaves) whereas 
at the end of the season plants had ca.18 trifoliates on average. Vcmax may have decreased during 
Wv11.2 due to the remobilization of nitrogen in rubisco for seed fill (Schiltz et al. 2004). 
Although long term A was not decreased in this experiment, multiple heat waves within a 
season or longer heat waves have the potential to reduce yield by reducing carbon uptake. The 
heat waves in this experiment were short compared to the European heat wave of 2003 and the 
Russian heat wave of 2010 (Fink et al., 2004, Barriopedro et al., 2011). During those events, 
month long temperatures were 6 oC higher than average.  
Respiration measurements were not made during each heat wave but it is clear that 
elevated night time respiration in the heat wave plots could also contribute to loss in carbon gain. 
A number of variables including light and water availability can alter leaf respiration rates but 
plant mitochondrial respiration responds most consistently to temperature (Atkin et al., 2005). 
Night time respiration is also correlated to daily photosynthesis and soluble sugar and starch 
concentration (Whitehead et al., 2004). Wv11.1 and Wv11.2 night-time CO2 fluxes were the 
same in the heated and control plots (Fig 1.4b). So despite decreases in midday A, SLW and TNC 
in Wv11.1 and Wv11.2, heat wave respiration rates were dominated by the response to 
temperature and were not any lower than the control. Prolonged decreases in A coupled with 
increased rates of respiration could be one mechanism by which heat waves decrease 
productivity and yield. Furthermore, when considering future responses to heat waves, plant 
respiration is increased under elevated CO2 (Leakey et al., 2009), but it is uncertain how 
respiration in plants under elevated CO2 will respond to heat waves.  
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This study illustrates the important impact that short term extreme temperature events can 
have on plant productivity. Despite rapid recoveries of A, ϕPSII, TNC and SLW within 24 hours, 
heat waves during early pod developmental (R3, R4) stages led to a 10% reduction of yield. As 
climate models predict hotter growing seasons, more sporadic rainfall and an increase in the 
frequency and intensity of heat waves, it is important to identify the process in plants that need to 
be adapted to tolerate climate extremes under a variety of field situations. Further research is 
needed to explain how heat waves affect yield under varying degrees of drought stress. High 
temperature tolerant pod set and development in soybean should also be considered a target for 
introgression to improve capability of salvaging yield after extreme events.  
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Chapter 1 figures and tables: 
 
Table 1.1. The reproductive timing of each heat wave and its abbreviation used in the text. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Year  Start Date/(DOY) Vegetative stage Reproductive stage Name 
2010 July 3 (184) V6 10% of plants in R1 Wv10.1 
2010 July 27 (208) V14 R3 (Beginning pod) Wv10.2 
2010 Aug 13 (225) V18 R5 (Seed fill) Wv10.3 
2011 July 14 (195) V7 10% of plants in R1 Wv11.1 
2011 Aug 19 (231) V15 R4 (Full pod) Wv11.2 
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Table 1.2. Nighttime and daytime canopy temperatures measured with an infrared radiometer 
during each heat wave. Temperatures are reported in degrees Celsius. “Tdiff” is the average 
temperature difference between the heated and control plots. 
 
 
  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Wave
10.1 23.58 ± 0.74 13.31 ± 0.29 31.31 ± 0.41 23.58 ± 0.11 8.66 ± 0.36
10.2 25.6 ± 0.08 19.08 ± 0.09 32.6 ± 0.002 27.11 ± 0.09 7.37 ± 0.09
10.3 27.8 ± 0.14 21.24 ± 0.1 33.78 ± 0.05 27.38 ± 0.06 6.05 ± 0.16
11.1 27.8 ± 0.42 18.06 ± 0.31 33.72 ± 0.4 25.39 ± 0.04 6.33 ± 0.2
11.2 25.26 ± 0.15 17.6 ± 0.94 31.5 ± 0.28 27.24 ± 1.7 7.04 ± 0.17
Tdiff
Control Heat wave
day night day night
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Table 1.3. Soil moisture concentration and leaf water potential in 2010 and 2011. This table 
shows the soil volumetric water content by percentage (SM) and the leaf water potential (WP) on 
the day before each heat wave stated (day 0) and the last day of each heat wave (day 3) in the 
control (c) and heat wave (t) subplots. The ANOVA column tests for statistical differences 
between the heat wave and the control plot; “d” indicates a significant effect of day, “t” is a 
significant effect of heat wave and “d*t” is a significant day by heat wave interaction (p < 0.1). 
 
  
Leaf Water Potential: day 0, day 3
year Wv c t s.e. ANOVA c t s.e. ANOVA
10.1 41.4,34.8 40.7, 32.8 ± 2.7 d, d*t -0.71,  -0.80 -0.87, -0.85 ± 0.089 -
10.2 31.4, 39.4 29.0, 36.1 ± 1.5 d -0.61, -0.69 -0.66, -0.74 ± 0.053 -
10.3 23.3, 24.1 22.0, 16.5 ± 2.3 d -0.81, -0.77 -0.76, -1.07 ± 0.077 t
11.1 30.22, 30.34 31.21, 32.31 ± 4.2 d -0.60, -0.52 -0.61, -0.59 ± 0.034 -
11.2 19.3, 23.2 . ± 1.1 . -0.69, -0.75 -0.70, -0.86 ± 0.058 t, d
2010
2011
Soil Moisture: Day 0, day 3
29 
 
 
Figure 1.1. The heating targets overlaid with measured IRR canopy temperature from day two of 
the second heat wave in 2010 (Wv10.2). The circles are 10 min averaged canopy temperature 
measurements. The control plot temperatures are closed black circles and the open circles are 
temperatures in the heat wave plots. The lower-most black line represents the Fourier-
transformed 30-year daily mean temperature. The blue line above it is the minimum target for 
heating, 6 °C above the 30 year mean. The red line what an average heat wave treatment would 
be. 
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Figure 1.2. Midday leaf physiological data. Including: leaf temperature (Leaf Temp.; a, e, i, m, 
q), photosynthetic rate (A; b, f, j, n, r), stomatal conductance (gs; c, g, k, o, s) and the operating 
efficiency of photosystem II (ϕPSII; d, h, l, p, t). The columns from left to right are each of the 
five heat waves, in chronological order from the beginning of 2010 to the end of 2011. Day 0 is 
the day before the heat wave. Days 1-3 are during the heat wave, and day four is the day after the 
heat treatment was turned off. The red triangles and the dashed lines are measurements from the 
heat wave plots. The black circles and solid lines are the control. Text within each graph 
indicates significant repeated measures terms (p < 0.1). “Trt” indicates a significant heat wave 
effect. “Day” is a significant effect of day and “Day*Trt” notes significant treatment by day 
interactions.  
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Figure 1.3. Heat wave induced changes in total leaf nonstructural carbohydrate (TNC) 
concentration, the percent of reduced ascorbate and specific leaf weight (SLW) at midday over 
the course of the heat wave. The X-axis is the day of the heat wave. The black circles are 
measurements made in the control plots and the red triangles are from the heat wave plots. 
Asterisks indicated significant differences (p < 0.1) between the heat wave and the control 
treatment within a day.  
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Figure 1.4. The effect of 2011 heat waves on Vcmax and Jmax and leaf respiration (R). Figure 5a 
shows Vcmax and Jmax values from A vs. Ci curves taken during Wv11.1 and 11.2. An asterisks 
denotes a significant difference between the control (p < 0.1). 
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Figure 1.5. Seed yield and yield component data from each heat wave in 2010 (left columns) and 
2011 (right columns). 6a shows seed yield; 6b the number of seeds per pod; 6c the number of 
pods per plant, Fig. 6d is the weight of individual seeds. The box within each bar contains the p-
value of the statistical comparison made against the control for that year. 
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Figure 1.6. Analysis of Wv11.2 yield components at varying height classes. The text within each 
graph shows the results of a repeated measures statistical analysis. The black circles depict 
measurements from the control and the red triangles are from the heat wave plots. An asterisk 
represents a significant difference between the heat wave and the control treatment within a 
height class (p < 0.1). 
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Figure 1.7. Spatial and temporal changes in pod set during Wv11.2. Panels a-f are in 3 day 
increments from the beginning of R2 (day 0) to the beginning of R5 (day 27). The heat wave was 
applied on days 18-21. An asterisk represents a significant difference between the heat wave and 
the control treatment within a height class (p < 0.1). 
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CHAPTER 2 
Heat waves can alter reproductive growth in corn (Zea mays) without long term effects on 
photosynthesis and plant water status 
Abstract: 
In the 21st century many key growing regions are predicted to become warmer and drier, making 
conditions less favorable for crop growth. Recent modeling studies show that warming and the 
addition of extreme growing degree days (EDD) to corn during key developmental periods is 
strongly correlated with yield reduction. However, work is needed to clarify the mechanisms that 
are primarily responsible for yield loss. In 2011 we applied two experimental heat waves to field-
grown corn (Zea mays) using infrared heating technology at the SoyFACE research facility in 
Urbana, IL. Heat waves were defined as a three day long event where the canopy temperature 
was kept 6 oC above ambient. The first heat wave (Wv1) was applied during a strictly vegetative 
stage, V7. The second heat wave (Wv2) was applied to an early reproductive stage, R1. Wv2 
added more EDD’s, and neither heat wave created a significantly greater demand on 
evapotranspiration in the month it was applied. Leaf water potential was reduced by the last day 
of each heat wave but values were the same as the control on the day after the heat waves ended. 
Midday photosynthesis was reduced during both heat waves. Daily integrated photosynthetic 
rates were decreased during Wv1 but were no different during Wv2. At final harvest, Wv2 
reproductive biomass was significantly reduced (p = 0.08). This was driven by a reduction in cob 
weight, husk weight and a non-significant decrease in seed yield (p =0.15) and the number of 
kernels per cob (p = 0.16). Wv1 caused no significant decrease in reproductive biomass (p = 
0.32). This study shows that the developmental timing of short heat waves influences their 
impact on productivity in maize, that transient impacts of heat waves on photosynthesis do not 
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result in yield loss and that yield losses due to heat waves are the result of direct effect on 
reproductive processes. 
Introduction: 
To meet future global food demand without large changes in land use, per acre crop productivity 
must double by 2050 (Foley et al., 2011). The rate of yield increase for some major corps like 
rice and wheat, however, has slowed since the 1960’s (Long and Ort, 2013) and current yield 
trends will not meet the goal (Deepak et al., 2013). Furthermore, improvements to the rate of 
yield increase must be accomplished in a more variable climate: the IPCC’s fifth assessment 
report forecasts increasing mean global temperatures and altered zonal precipitation patterns 
(Kirtman et al., 2013). Additionally, there will be an increase in the frequency, intensity and 
duration of extreme heat events including heat waves (Meehl et al., 2004; Seneviratne et al., 
2012).  
Heat waves are high pressure weather anomalies that are associated with persistent hot 
temperatures (NOAA). Heat waves can be caused in a variety of ways and there is no consensus 
heat wave definition (Stefanon et al., 2012). Most heat wave definitions are characterized by 
regional weather patterns and the social and physiological impact they have on human health and 
comfort (Bowles, 2009; Robinson, 2001). 
A number of modeled and historical analyses describe how heat waves affect crop 
productivity (Velde et al., 2009; Battisti and Naylor 2009; Ciais et al., 2005). However, there are 
virtually no field based manipulative experimental studies that explore heat wave impacts on 
crops (but see Chapter 1). Corn (Zea mays) is the most important grain feed crop in the United 
States with 14 billion bushels of corn grown in the U.S in 2013. This study used infrared heating 
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(IR) technology to explore how and when the yield of field-grown corn was impacted by 
regionally defined heat waves.  
Recent time series studies suggest that in what have been the most productive regions in 
the United States, corn is currently grown near or even above its temperature optimum. At 
current growing season temperatures in the Corn Belt in the United States, a 1oC increase in 
mean seasonal temperature is predicted to decrease corn grain yield from 3 (Hattifeld et al., 
2013) to 13% (Kucharick and Serbin, 2008; Lobell and Field, 2007). Maize is especially 
sensitive to critical temperatures above 30 oC as there is a precipitously greater decrease in yield 
as corn accumulates time above 30 oC (Schlenker and Roberts, 2009; Lobell et al., 2011). 
Furthermore, under climate conditions projected for the year 2050, 45% of the world’s corn is 
expected to annually experience five consecutive days above 35 oC (Gourdji et al., 2013). So 
there is a clear need to quantify the impact and understand the mechanisms by which heat and 
heat waves impact corn physiology and yield.  
Maize reproductive growth is more temperature sensitive than vegetative growth 
(Hatfield et al., 2013; Barnabas et al., 2008). Although yield and yield components (kernel 
weight, and number of kernels per cob) can be determined over a broad period of time (anthesis 
±700 growing degree days (Cerrudo et al., 2013)), silking (R1) and anthesis (tasseling) are two 
of the most temperature sensitive processes in corn’s life history (Sanchez et al., 2014). Heat 
waves can potentially affect yield during reproductive growth by disrupting the amount of time 
that male (tasseling) and female (silking) flowering overlap (Bolanos et al., 1996; Cantarero et 
al., 1999) or decreasing reproductive tissue viability. Tissue viability can be affected directly by 
increased temperatures through weakened sink strength and slowed transfer of photosynthate to 
the ear (Suwa et al., 2010). Although the effect is thought to be small, high atmospheric vapor 
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pressure deficit (VPD) might also directly dehydrate reproductive tissues (Lobell et al., 2014). 
Additionally, exposure to temperatures above 32 oC can decrease pollen viability (Herrero et al., 
1980). Tissue viability can be affected indirectly by increased temperatures through decreased 
photosynthesis during ovule fertilization leading to lower kernel sugar content and greater kernel 
abortion rates (Hiyane et al., 2010; Cerrudo et al., 2013).  
Although vegetative stages of corn are less sensitive to temperature, (Hatfeld et al., 2011) 
heat waves during strictly vegetative stages - especially longer heat waves - still have the 
potential to decrease corn yield. Corn is a C4 crop and increased temperatures are expected to 
have a relatively small direct effect on photosynthesis (A). A in corn is typically reduced at 
temperatures above 38 oC (Crafts-Brandner, 2002). However, heat waves usually increase the 
vapor pressure deficit (VPD) between the atmosphere and leaf interior, which increases 
evapotranspiration (ET) potentially depleting soil moisture reserves (Zaitchik et al, 2006). And 
though A in corn is tolerant of higher temperatures, it is highly sensitive to decreases in leaf 
water potential (Boyer, 1970). Experimental heat waves using IR heating technology do not heat 
the air but instead heat just the leaves, which may create a steeper vapor pressure gradient from 
inside the leaves to the air than one would expect from global warming where the relative 
humidity (RH) is not expected to change (Kimball et al., 2005). Though compared to the current 
monthly average, July VPD’s are expected to increase by ~20% in the Midwestern United States 
by the year 2050 (Lobell et. al, 2014). Prolonged exposure to increased VPD and soil moisture 
deficits lead to reduced stomatal conductance (gs), A (Markelz et al., 2011), growth and yield 
(Lobell et al., 2013).  
The objective of this experiment was to apply heat waves to vegetative and reproductive 
stages of corn while tracking plant development, carbon assimilation and water status to 
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determine which processes were most strongly affected. We hypothesize that if reproductive 
development is the most sensitive developmental stage to higher temperatures, then larger yield 
effects will occur during heat waves that coincide with reproductive growth.  
Methods: 
Site description, description of the heating infrastructure and heat waves 
This experiment was performed in 2011 at the SoyFACE research facility on the South Farms at 
the University of Illinois; Savoy, IL USA (40°02′N, 88°14′W, 228 m above sea level).  Each year 
half of the field is rotated between soybean and corn and crops are grown under standard 
agronomic practices for the region. Two heat waves were applied to corn cv. 34B43 (Pioneer Hi-
Bred International), which was planted on 8 June. The experiment was designed as a randomized 
complete block with 4 replications where each block contained three subplots: two heat wave 
subplots and a control subplot. Each block was 15 m wide and 25 m long and contained the three 
ca. 5 m by 5 m subplots surrounded by a 5 m wide buffer of corn. The position of the three 
subplots was randomized within each block.  
The heat waves were produced by mounting six infrared heaters 1.2 m above the plant 
canopy in a hexagonal arrangement after Kimball (2005) in exact same manner as described in 
Ruiz-Vera et al., (2013). The hexagonal heating array heated 7 m2 of the corn canopy. Each 
heater (Salamander Aluminum Extrusion Reflector Assembly Housing for Ceramic Infrared 
Heaters; Mor Electric Heating) was tilted at a 45o angle into the heat wave subplot and housed 
four ceramic heating elements (Mor-FTE 1,000-W, 240-V heaters; Mor Electric Heating 
Association). The canopy temperatures were measured separately in the control and heat wave 
subplots with infrared radiometers (SI-121; Apogee Instruments). The infrared radiometers 
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(IRR’s) were wired into a data logger (CR1000 Micrologger; Campbell Scientific) equipped with 
a voltage output module (Model CV-04, Campbell Scientific). Based on the canopy temperature 
reading between the control and the heat wave plot within a block, voltage to the heaters was 
modulated by a dimmer system (model LCED-2484, 240 V, 35 A; Kalglo Electronics) to 
maintain canopy temperatures within the heat wave plots 6 oC above ambient for 3 days.  
Heat waves were defined as described in Chapter 1 and meant to be historically extreme 
but plausible events. Climate data from central Illinois was analyzed to determine the frequency 
of consecutive days that were 2 to 8 oC above the 30 year mean for that month 
(http://www7.ncdc.noaa.gov/CDO/cdo). Each heat wave was 3 days long and plant canopy 
temperatures were kept 6 oC above ambient with two exceptions. First, if canopy temperatures 
dropped below the Fourier transformed 30 year daily mean during the heat wave treatment, heat 
wave subplots were heated 6 oC above the 30 year mean instead of ambient conditions. Second, 
canopy temperatures were not heated beyond 40 oC. Two fully replicated heat waves were 
applied: one during vegetative stage V7, which began on 14 July, day of year (DOY) 179 and is 
referred to as Wv1. The second heat wave was imposed during silking (R1) which began on 21 
August, DOY 202 and is referred to as Wv2.  
Development  
Five plants in each subplot were flagged and their vegetative and reproductive development was 
tracked over the growing season from emergence to final harvest. Plants were revisited every two 
days and growth stages were classified according to Ritche et al. (1993).  
Cob husk temperatures and growing degree days 
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Cob husk temperatures were taken using an infrared thermometer (Fluke 572, Everett, WA 
USA). During Wv2 three cobs were measured within each subplot and each cob measured was 
135 ±10 cm from the ground. On all three days, cob temperature measurements were taken at 
midday between noon and 1 p.m. On the second and third days of Wv2 cob temperatures were 
also taken between 5-6 p.m.  
Extreme growing degree days (EDD) were calculated as described in Lobell et al. (2013). 
Where: 
𝐸𝐷𝐷 = ∑ 𝐷𝐷30+,𝑡
𝑁
𝑡=1   𝐷𝐷30+𝑡 =  {
0     𝑖𝑓 𝑇𝑎 < 30 ℃
(𝑇𝑎 − 30)/24  𝑖𝑓 𝑇𝑎  ≥ 30 ℃ 
} 
When hourly measures of air temperature (Ta) at the field site were greater than 30 degrees, the 
degree days for that hour (DD30+,t) were calculated. EDD’s were summed over the months of 
June, July and August. EDD’s for Wv1 and Wv2 were calculated by adding the average hourly 
temperature differential between the control plot and the heated plot onto the ambient air 
temperature during the times when heat waves were applied.  
Thermal time experienced by each plot was calculated as heat stress growing degree days 
(HSGDD). Where:  
𝐻𝑆𝐺𝐷𝐷 = [𝑇𝑎𝑣𝑔 − (𝑇𝑚𝑎𝑥 −  𝑇𝑜𝑝𝑡 )] − 𝑇𝑏𝑎𝑠𝑒 
Tavg was the daily average air temperature measured using the on-site weather station and Tmax 
was the maximum temperature for a given day. Topt was the optimal growth temperature and Tbase 
was the base temperature. Topt was considered to be 30 
oC and Tbase was 10 
oC (http://agron-
www.agron.iastate.edu/Courses/agron212/Calculations/GDD.htm). Similar to how EDD’s were 
calculated for the heat wave treatments, HSGDD for each heat wave was calculated by adding 
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the averaged canopy temperature difference between the control plots and the heat wave plots to 
the ambient air temperature.  
Soil moisture and calculated evapotranspiration 
 Soil moisture was measured in the upper 20 cm using a time domain reflectometry soil moisture 
probe (Spectrun Technologies, Inc. Plainfield Il, USA). Measurements were made at midday the 
day before the heat wave started and at midday on the third day of each heat wave. Four sub 
samples were measured in each plot, two between rows and two in rows.  
The amount of crop evapotranspiration (ET) in June, July and August of 2011 was 
calculated using the standardized equation for reference evapotranspiration described in Allen et 
al. (2005). 
𝐸𝑇𝑠𝑧 =  
0.408 ∆ (𝑅𝑛 − 𝐺) +  𝛾
𝐶𝑛
𝑇 + 273 𝑢2 (𝑒𝑠 −  𝑒𝑎)
∆ +  𝛾 (1 + 𝐶𝑑𝑢2)
 
ETsz is the crop evapotranspiration rate (mm hr
-1) standardized for alfalfa. Rn is the amount of 
incoming net radiation and G is soil heat flux (MJ m2 hr-1). The term γ is a psychometric constant 
(kPa oC-1). Cn is a numerator constant and, Cd is a denominator constant that changes with 
calculation time step. Values for Cn (K mm s
3 Mg-1 h-1) and Cd (s m
-1) varied depending on time 
of day and the height of the canopy. For short canopies (canopy height < 0.5 m, considered to be 
vegetative stage ≤ 8) the daytime value of Cd is 0.24 and the nighttime value is 0.96. For tall 
canopies (canopy height > 0.5 m, considered to be vegetative stage > 8) the daytime value of Cd 
is 0.25 and the nighttime value is 1.7.The day time and night time values of Cn are the same for 
short (Cn = 37) and tall (Cn = 66) canopies. U2 is the wind speed at two meters above the ground 
(m s-1). Δ is the slope of the saturation vapor pressure-temperature curve (kPa oC-1). T is the 
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hourly mean temperature (oC). The saturating vapor pressure is es (kPa) and the actual vapor 
pressure is ea (kPa). Meteorological data were collected hourly using equipment described in 
Leakey et al. (2004). Measurements used to calculate ETsz included: relative humidity (RH), 
incoming short wave radiation and wind speed. The ET rate and extra water demand inside the 
heated plots was calculated as described in Kimball et al. (2005).  
  ETsz is the standardized rate of evapotranspiration based on measurements of ET 
collected from alfalfa (Allen et al., 2005). ET is calculated for other crop species through the use 
of a crop specific coefficient (Kc). The calculated crop specific rate of ET (ETc) is equal to the 
ETsz multiplied by Kc. Calculated ETsz from 2010 weather data was compared to actual ET 
measured 2010, Huessein et al. (2013), in order to create a site and cultivar specific Kc. The 
Hussein et al. (2013) study was performed at the same field site as this study and on the same 
maize cultivar.  
Midday and diurnal photosynthetic measurements 
Diurnal and midday gas exchange data were collected in situ on the youngest most fully 
expanded leaf using two Li-COR 6400 gas analyzing systems (LiCOR, Lincoln, NE, USA) 
equipped with a fluorescence heads. Diurnal measurements were made on the third and final day 
of each heat wave and the day after the heaters were turned off; the heaters were powered down 
at 4 am and the first measurements of A were taken at 9 am. During Wv1, diurnal gas exchange 
measurements were taken on July 1 and 2, day of year (DOY) 182 and 183. During Wv2, 
diurnals were on July 23 and 24, DOY 204 and 205. Before each time point leaf chamber settings 
were adjusted to match ambient incident photosynthetically active radiation (PAR, µmol m-2 s-1 ) 
measured from the SoyFACE weather station. Block temperatures were also adjusted before 
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measuring leaves in the heat wave subplots to maintain leaf temperatures 6 oC above ambient. 
Daily photosynthetic carbon uptake (A’) was calculated by fitting a 5th or 6th order polynomial to 
diurnal data and assuming that photosynthetic rates were zero one hour before sunrise and one 
hour after sunset. Curves were fit and the area under the curve was calculated using the graphing 
software Origin Pro 8.6 (OriginLab Corporation, Northampton, MA).  
Midday photosynthetic measurements were made between 11 am and 1 pm over four 
days of the heat wave. Five total midday measurements were taken during each heat wave: the 
first midday measurement was made on the day preceding the heat wave. The next were on the 
first and third days of the heat wave. The last was on the day following the end of the heat wave 
treatment. 
Water Potential 
Leaf material used to measure leaf water potential was collected at midday at the same time as 
gas exchange measurements on the upper most fully expanded leaf. 0.5 cm2 leaf discs were 
collected and sealed in thermocouple psychrometers (C-30, Wescor Inc., Logan, UT). Five plants 
were subsampled in each heat wave and control plot. Water potential was measured with an 
integrated dew point micro-voltmeter, as described in Chapter 1. 
SLA and TNC 
During midday photosynthetic measurements, leaf tissue was sampled to determine specific leaf 
weight (SLW) and the concentration of total leaf non-structural carbohydrates (TNC). Three leaf 
disks from the center of the leaf, avoiding the leaf tip and base, (1.82 cm2) were collected per 
plant for SLW and dried in an oven at 50 oC for one week. Disks were then weighed to calculate 
SLW. For analysis of TNC, one leaf was collected from five plants per subplot. The five 
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subsamples were combined and ground in liquid nitrogen. Approximately 30 mg of tissue was 
used to extract TNC constituent components (Jones et al., 1977). 
Final Harvest  
Half of each subplot was untouched by destructive sampling during the growing season to 
determine final yield and above ground biomass. Once the plants reached physiological maturity, 
a 0.8 m2 area of corn was harvested from each subplot. Each harvested, rectangular area 
contained 14 to 17 plants. The tissues were divided into stem (stem + senesced leaf material) and 
cobs (cobs + husks + kernels). The materials were weighed after being dried for a week in a 
forced-air oven at 65 oC. Before kernels were removed, the length of each cob was measured and 
the number of kernels around the circumference was measured at the midpoint. The number of 
kernels around the midpoint of each cob was considered the number of kernels per row. Once 
kernels were removed, cobs and kernels were weighed separately. Kernel weight is considered 
the yield. 200 kernels from each sub plot were selected at random and weighed to provide an 
estimate of individual kernel weight. The individual kernel weight was divided into the total 
kernel weight to produce an estimate of the number of seeds per plot. The number of cobs was 
then divided into the estimated number of seeds per plot to yield the number of kernels per cob.  
Statistics 
Analyses were performed on subplot means (n=4) in SAS using the MIXED procedure. Heat 
waves were analyzed independently. In all cases, block was considered a random effect and the 
effect of a heat wave was fixed. For development and midday gas exchange data, DOY was 
included in the model as a repeated measure. In situ gas exchange data and temperature profile 
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data were analyzed separately for each DOY. T-tests were performed on SLW, TNC, biomass and 
yield measurements. 
Results: 
IR heating added more extreme growing degree days during Wv2 and had no effect on 
development 
The target temperature was above the +6 oC set point during Wv1 because night-time 
temperatures during the first day of heating fell below the 30 year average (Fig. 2.1). During that 
time the canopy was heated 6 oC above the 30 year mean, 11 oC above ambient canopy 
temperatures. The target temperatures were below the +6 oC set point during Wv2 to avoid 
exceeding the 40 oC upper canopy temperature threshold; the target was below the +6 oC set 
point at midday during all three days of the Wv2 (Fig. 2.1). Cob temperatures, when cobs were 
present during Wv2, were consistently, significantly elevated by an average of 2.6 oC (p = 
0.0005, Fig. 2.1).  
Due to greater background temperatures Wv2 added more EDDs (Fig. 2.1; Table 2.1): 
Wv1 added ca. 10 percent more EDDs than the control while Wv2 added ca. 25 percent more 
EDDs than the control (Table 2.1). Wv1 and Wv2 subtracted a negligible number of HSGDD’s. 
In June, July and August the control plots experienced a cumulative of 1538 HSGDD. Wv1 over 
the same time had 1533 HSGDD and Wv2 had 1531 HSGDD (data not shown). The reduced 
number of HSGDD in Wv1 and Wv2 was not enough to alter development (Fig. 2.2). There was 
no significant effect of Wv1 or Wv2 on reproductive (p = 0.99) or vegetative growth (p = 0.54, 
Fig. 2.2).  
Reproductive biomass was reduced by Wv2 
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The sum of all the vegetative tissues measured at final harvest (stem + attached senesced leaves) 
was unaffected by the heat wave treatments. Compared to the control, Wv1 (p = 0.15) and Wv2 
(p = 0.32) had the same amount of vegetative biomass at the end of the season (Fig. 2.3). 
However, the sum of all reproductive biomass (kernel + cob + husk weight) was reduced by Wv2 
(p = 0.08). There was no effect of Wv1 on reproductive growth (p = 0.22), although the trend 
was consistent with Wv2.  
With the exception of cob weight (cobs without kernels), Wv1 had no significant effect 
on measures of vegetative or reproductive growth: yield, the number of kernels per cob, 
individual kernel weight, and cob length (Table 2.2) were all unaffected by Wv1. Wv2 had a 
pronounced effect on reproductive growth: Wv2 caused reductions in seed yield (p = 0.14) and 
the number of kernels per cob (p = 0.16) that were not statistically resolvable (Table 2.2): seed 
yield was ca. 13 percent lower in the Wv2 plots compared to the control and there were 10 
percent fewer kernels per cob in Wv2 compared to the control (Table 2.2). Furthermore, Wv2 
significantly reduced cob length by 30 percent and cob weight was reduced 20 percent (p = 0.02, 
Table 2.2). The husk weight around each ear was also significantly reduced by Wv2 (p = 0.01). 
The 200 kernel weight in the Wv2 plots was no different than the control. Interestingly, the 
number of kernels around each cob at its midpoint was increased during Wv2 (p = 0.07, Table 
2.2).  
Heat waves decreased leaf water potential in the short term and Wv1 caused a notable increase 
in month-long water demand  
The extra evapotranspiration (ET) in the heat wave plots was calculated as described by Kimball 
et al., (2005); Allen et al., (2005). First, a crop coefficient (Kc) coupled to phenological data was 
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derived from 2010 ET and weather data measured at SoyFACE (Fig. 2.4). Different Kc values 
were used to determine calculated ET (ETc) if corn was in an early vegetative, a mid-season or a 
late-season growth stage, similar to Kc values for corn provided by the Food and Agricultural 
Organization (http://www.fao.org/nr/water/cropinfo_maize.html). Daily values of ETc correlated 
well with measured ET in 2010 (Fig. 2.5) and, monthly values of ETc in June, July and August 
2010 were within 3% of the measured values of ET (data not shown).  
Relative to the control in June 2011, Wv1 caused a 9 mm increase in ETc and, Wv2 
caused a 5 mm increase in ETc over the month of July (Table 2.1). This led to an increased water 
demand during Wv1 compared to Wv2. Water demand (precipitation ÷ ET) due to Wv1 during 
the month of June was increased by 11 percent. Wv2 increased demand in July by ca. 2 percent 
(Table 2.1). 
Soil temperatures were significantly greater in the heated plots during Wv2 when they 
were measured (data not shown). However, heat wave soil moisture concentrations were never 
statistically different than the control (Fig. 2.6); During Wv1 and Wv2, control and heat wave 
soil moisture concentrations were the same on day 0 and day 3 (Fig. 2.6). Leaf water potential 
was significantly reduced on the third day of Wv1 and Wv2 but water potential was no different 
than the control on the day following either heat wave (Fig. 2.6).  
SLA were increased despite reduced A’ and midday A  
Midday A was decreased by both heat wave treatments; but A’ was only decreased during Wv1 
(Fig. 2.7; Fig. 2.8). The main effect of the heat wave treatments on midday A was significant 
during Wv1 and, there was a significant heat wave by day interaction on A during Wv2 (Fig. 
2.7). Wv2 did not have an effect of A’ (Fig. 2.8). Wv1 significantly decreased A’ (Fig. 2.8). Leaf 
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temperatures in the LiCor-6400 were successfully elevated to the target temperatures during gas 
exchange measurements. This, however, required the block temperature to be raised by an 
average of 7 oC on day 1 and 3 of Wv1 and 11 oC on day 1 and 3 of Wv2 (data not shown). 
During Wv1, greater leaf temperatures and heightened leaf vapor pressure deficits (VPDleaf) were 
not associated with decreased internal carbon dioxide concentrations (Ci) and decreased stomatal 
conductance (gs) (Fig. 2.7). The main effect of the heat wave treatment and the heat wave × day 
interaction on VPDleaf was significant for Wv1 and Wv2. There was no heat wave effect of Wv2 
on gs or Ci.  
  Although midday A was significantly reduced during both heat waves and A’ was reduced 
by Wv1, leaf total non-structural carbohydrate (TNC) concentration and specific leaf weight 
(SLW) were not consistently affected by heat waves (Fig. 2.9). TNC was no different than the 
control during any point of Wv1 but significantly reduced on day 2 and 3 of Wv2. However SLA 
was increased by day 3 of Wv1 and Wv2. SLA and TNC were no different than the control on 
day 4 (Fig 2.9). 
Discussion:   
Heat waves had a small effect on A and did not alter long-term plant water status. Heat waves 
also did not alter the rate of reproductive or vegetative development. Reproductive biomass was 
significantly decreased when heat waves were applied at an early reproductive stage. This 
supports the first hypothesis that reproductive development is more temperature sensitive than 
vegetative development. Furthermore, Wv2 reproductive growth was reduced by directly 
affecting reproductive processes.  
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Depending on the metric, heat waves either reduced (midday A, A’ during Wv1), 
increased (SLW during Wv1 and Wv2) or had no effect ( A’ during Wv2) on carbon uptake. 
Independent of temperature, VPDleaf can have a large effect on gs and A (Day, 2000). It is 
possible that compared to conditions in the heat wave plots, the LiCOR-6400 chambers created a 
higher VPDleaf and exaggerated reductions in A, especially during Wv1. This would explain why 
SLW was increased and there was no change in TNC during Wv1 but measures of A were 
decreased. Additionally, increases in SLW could have been influenced by changes in cell density 
and leaf water potential rather than A. For example, water stress in sorghum increases the density 
of epidermal cells (McCree et al., 1974). So if levels of A were no different than the control, 
there was no difference in the leaf carbohydrate content and leaf water potential was decreased, 
then increased SLW on day 3 of Wv1 could be caused by a greater cells density per area 
compared to the control. This all suggests that carbon metabolism was not significantly altered 
by Wv1 or Wv2, consistent with what is expected for a C4 plant (Crafts-Brandner et al., 2002; 
S.-H Kim et al., 2007; Ben-Asher et al., 2008). It also highlights the importance of sample 
cuvette humidity control when making photosynthetic measurements at elevated temperatures. 
Water relations are undoubtedly affected during longer heat waves (Fisher, 2007). 
Compared to the 2002 growing season, an extra 1.7 million m3 of water was used to irrigate 
crops in France during the 2003 heat wave (van der Velde et al., 2010). However during the 
shorter events in this study, there was no significant increase in the monthly water demand. There 
was also no long term effect of either heat wave on leaf water potential (Fig. 2.6). So although 
the heaters increased VPDleaf and ET in the short term, it did not have any effect on water 
availability and leaf hydraulic status. This is consistent with the observation made in soybean 
that plants tend to modulate gs and not leaf hydraulic properties in response to elevated 
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temperature (Locke et al., 2013). Thus effects on reproductive growth were caused directly by 
elevated temperatures.  
Due to the design of the experiment - the heat wave plots were small and circular and the 
heat treatment was discrete (Kimball et al., 2008) - the effect of Wv2 on reproductive viability 
and yield might be understated. Although it was not measured, it is likely that pollen viability 
was reduced in the heat waves plots. Tassels and pollen were the closest tissues to the heaters, 
with upper leaf temperatures near 40 o C during Wv2. Corn pollen treated to 40 oC for 4 hours is 
almost completely infertile (Dupuis et al., 1990). However, because of the discrete treatment the 
IR heaters produce, the small size of each plot and that it was surrounded by untreated corn of 
the same genotype, there was probably no shortage of viable pollen in the buffer rows 
surrounding the plots (Klein et al., 2003). This study shows that even relatively short heat waves 
can impact maize reproductive productivity. Further research is needed to examine the dynamics 
of reproductive tissue growth and water status during extreme heat events. 
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Chapter 2 figures and tables: 
 
Table 2.1. Water use and extreme growing degree days (EDD). The amount of water used each 
month was calculated using the reference evapotranspiration equation. EDD were calculated over 
June, July and August. Rainfall was monitored on site 
 
 
Evapotranspiration (mm/month) 
 Treatment June July August EDD 
C 72.4 199.7 163.6 23.3 
Wv1 81.0 - - 25.8 
Wv2 - 204.7 - 29.5 
Rain (mm) 106.2 40.1 43.1 
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Table 2.2. Heat wave effects on reproductive growth. Measures of reproductive growth were 
compared against the control. P-values are included in parentheses.  
 
Treatment 
Seed 
yield 
Kernels  
per cob 
200 
kernel 
 weight 
Kernels  
per row  
Cob 
length 
Cob 
weight 
Husk 
weight 
(test p-value) (g m2) (#) (g) (#) (cm) (g m2) (g m2) 
C 1343.1 461.0 53.6 15.3 20.8 319.9 71.52 
Wv1  1276.7 449.3 52.7 15.3 16.9 267.9 74.3 
(Wv1 vs. C) (0.55) (0.69) (0.76) (1) (0.30) (0.04) (0.42) 
Wv2 1170.7 417.1 53.5 16.1 14.3 257.2 60.6 
(Wv2 vs. C) (0.15) (0.16) (0.76) (0.07) (0.09) (0.02) (0.01) 
Standard 
error  
± 89.3 ± 20.3 ± 2.5 ± 0.3 ± 2.7 ± 15.2 ± 5.1 
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Figure 2.1. Infrared radiometer (IRR) canopy temperature data from Wv1 and Wv2. This graph 
shows heat wave (red circles) and control (black circles) 30 minute average canopy temperatures 
as well as the target canopy temperature (green triangles) and the temperature difference between 
the heat wave and control plots (black triangles). Cob temperatures were measured during Wv2. 
Wv1 began on 28, June day of year (DOY) 179. Wv2 began on 21, July, DOY 202. 
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Figure 2.2. Reproductive and vegetative development in the heated and control plots over the 
season. Vegetative growth is the upper graph and reproductive growth is the lower graph. The 
first hashed bar notes the timing of Wv1. The second hashed line shows the beginning of Wv2.  
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Figure 2.3. End of season reproductive and vegetative biomass. At final harvest, biomass was 
partitioned into vegetative (stem + senesced leaf material) and reproductive tissues (husk + cob + 
seed) and then dried and weighed. Text within each bar represents the p-value of a pair-wise 
comparison against the control.  
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Figure 2.4. Crop coefficient (Kc) over the growing season in 2010 at different reproductive and 
vegetative stages. Kc was calculated by dividing the measured daily amount of 
evapotranspiration (ET) in the 2010 growing season by the calculated ET. Vegetative and 
reproductive stages are noted on the lower x-axis in parentheses or brackets below the DOY. The 
formulas in the graph show the Kc calculation that was used during different developmental 
periods. Kc values below 0.2 were set to 0.2 and values above 1.5 were set to 1.5. The Kc values 
from this graph were used to estimate ET in 2011.  
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Figure 2.5. The correlation between measured and calculated daily values of evapotranspiration 
(ET) in 2010 using the Kc developed in Fig. 2.8.  
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Figure 2.6. Leaf water potential (circles) and soil moisture (bars) during Wv1 and Wv2. An 
asterisk denotes a significant (p < 0.1) within day difference. Text above the water potential data 
denotes significant repeated measures terms as in Figure 3. Soil moisture was measured on the 
day before each heat wave (day 0) and the last day of each heat wave (day 3). Red circles and 
bars are for the heat wave treatment, black is for the control.  
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Figure 2.7. Midday photosynthetic gas exchange. Parameters include: Internal CO2 concentration 
(Ci), stomatal conductance (gs), leaf vapor pressure deficit (VPDl), leaf temperature (Tleaf) and 
photosynthesis (A). Measurements in the left column were taken during Wv1. The right column 
is Wv2. Red circles are values from the heat wave. Black circles are the control. Text within each 
graph represents significant results (p < 0.1) from a repeated measures analysis. “Trt” is a 
significant effect of the heat wave, “doy” is a significant of day and “trt*doy” is a significant day 
× heat wave interaction. Day 0 is the day before the heatwave began. Day 1 and 3 are the first 
and last days of the heatwave treatment and, Day 4 is the day after the heat waves were powered 
off.  
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Figure 2.8. Integrated daily photosynthesis (A’) on day 3 and day 4. Different letters above each 
bar indicate that they are significantly different from one another (p < 0.1). “Trt” is a significant 
effect of heat wave and “Day” is a significant effect of day. Each heat wave was analyzed 
separately.  
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Figure 2.9. Total leaf non-structural carbohydrate concentration (TNC) and specific leaf weight 
(SLW) taken before (Day 0), during (Day 1 and 3) and after (Day 4) each heat wave. Red circles 
are in the heat wave plots. Black circles are the control.  
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CHAPTER 3 
The impact of regionally extreme heat waves at current and elevated [CO2] on seed quality 
and biomass productivity: novel effects of CO2 and canopy position on seed quality. 
Abstract: 
This experiment combined infrared heating and free air concentration enrichment (FACE) 
technology on field grown soybean (Glycine Max) at the SoyFACE research facility to determine 
how heat waves affect above ground biomass (ANPP), seed quality/quantity and carbon 
metabolism at 2012 (~395 ppm) and future (600 ppm) atmospheric carbon dioxide 
concentrations. Heat waves were five day long events during which canopy temperatures were 
kept 6 o C above ambient. Two heat waves were applied one at an early (R1) and a second at a 
late (R5) reproductive stage. Though the maximum rates of carboxylation and electron transport 
were not significantly affected, specific leaf weight and midday rates of photosynthesis were 
reduced during both heat waves. Night time leaf respiration was reduced by and acclimated to 
the heat waves. At final harvest, there were no effects of either heat wave on seed yield or ANPP. 
Ionomic analysis of seed quality using inductively coupled plasma mass spectrometry revealed 
there were no effects of either heat wave on seed quality. However, there were interactions 
between CO2 and seed position. Seed nutrient quality is known to decrease at eCO2 but this is the 
first study to show that in some cases the effect is stronger at the top of the canopy. 
Introduction: 
Under current climatic conditions, heat waves negatively impact plant productivity in managed 
and unmanaged ecosystems (Wertin, 2014; Chapters 1 and 2). In the future, heat waves are 
expected to increase in intensity, duration and frequency (Meehl, 2004). Additionally, according 
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to the RCP8.5 emission scenario, atmospheric CO2 concentrations are expected rise to 600 ppm 
by 2050 (IPCC, 2013). Compared to the response at 2012 ambient CO2 concentrations (~395 
ppm, aCO2), plants grown under elevated CO2 have exhibited unpredictable and surprising 
reactions to drought, herbivory, and increases in season long mean temperature (Gray et al., 
2013; Tokida et al., 2010; Knepp et al., 2005; Karnosky et al., 2003). There is currently no field-
based research that addresses the impacts of heat waves on plants grown in elevated CO2. This 
study used infrared (IR) heating and Free Air Concentration Enrichment (FACE) technology to 
heat soybean canopies at ambient (aCO2) and elevated CO2 concentrations (eCO2, 600 ppm) to 
determine how carbon metabolism, and seed quantity and quality will be affected by historically 
extreme heat waves applied during early and late stages of reproductive growth.  
In C3 plants, photosynthesis (A) is stimulated at elevated CO2 by direct competition with 
O2 for the catalytic site of rubisco, thereby suppressing photorespiration (Ludwig and Canvin, 
1971). This suppression of photorespiration increases the temperature optimum of A in eCO2. So, 
theoretically, when temperatures are hotter there should be a greater percentage stimulation in A 
due to eCO2 (Long, 1991). However, those theoretical gains in A are not realized over the entire 
growing season due to photosynthetic acclimation. Season long, + 3 oC increases in canopy 
temperature decreased the rate of electron transport (Jmax) and the maximum rate of 
carboxylation (Vcmax ) in soybean by 10 to 15% in both ambient and eCO2 (Bagley et al., 
unpublished, Rosenthal et al., in press). There is a possibility, though, that in the absence of 
acclimation to elevated growth temperature heat waves and greater leaf temperatures could 
increase rates of A in eCO2. 
Growth at elevated temperature or CO2 stimulates rates of leaf respiration (R, Davey et 
al., 2004) and alters the expression of enzymes associated with respiratory metabolism (Leakey 
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et. al, 2009; Markelz et. al, 2014). At low temperatures R is limited by enzyme activity and at 
high temperatures R is limited by carbon supply (Atkin et al., 2003). Acclimation of R to 
elevated temperatures involves a decrease in the Q10 of R at higher temperatures (Atkin et al., 
2005). However, it is unclear if a five day long heat wave will induce respiratory acclimation in 
soybean or if that response will be consistent in eCO2 compared to aCO2. 
Optimistically, growth at eCO2 could interact with the heat wave treatments to mitigate 
yield loss. As a factor in and of itself, eCO2 persistently increases rates of A and extends 
reproductive growth, which increases seed yield (Bernacchi et al., 2006; Castro et al., 2009; 
Morgan et al., 2005; Li et al., 2000; Ainsworth and Long, 2005). Additionally, elevated CO2 
decreases stomatal conductance and leaf water use which improves soil moisture availability 
(Bernacchi et. al, 2007; Gray et. al, 2013; Kimball et al., 1995). The greatest decrease in soybean 
yield during heat waves is associated with times when soil moisture is scarce (Chapter 1; 
Bauweraets et. al, 2014). During sensitive reproductive phases heat waves can decrease season 
long yield by 10% over a span of three days (Chapter 1). Theoretically, improved soil moisture 
availability, decreased amounts of stomatal closure, higher gs, cooler canopies and increased rates 
of A could all potentially translate to a decreased reduction in yield due to heat waves in elevated 
CO2.  
Elevated CO2 and elevated temperature have a significant effect on not only seed quantity 
but also quality. Soybean grown under eCO2 has a decreased mineral concentrations compared to 
plants grown under aCO2 (McGrath and Lobell 2013). eCO2 has a less clear effect on soybean 
seed protein concentration. Two separate meta-analyses have reported both small but significant 
decreases in protein concentration (Taub et al., 2008) and no change in seed protein 
concentration over a variety of soybean cultivars grown under eCO2. Elevated growth 
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temperature can also affect soybean seed quality and alter the ratio of oil to protein (Dornbos et 
al., 1992). In soybean, the reduction in nutrient concentration in eCO2 can partially be explained 
by decreased stomatal conductance and bulk flow of water (McGrath and Lobell 2013). 
However, heat waves and the IR heating apparatus used in this experiment to create heat waves 
generate a greater evaporative demand (Chapter 2). So heat waves in eCO2 with increased rates 
of ET could improve seed nutritional quality. 
This experiment examines how heat waves affect carbon balance and seed quality and 
quantity of soybean grown at ambient and elevated CO2. We hypothesize that 1) if soil moisture 
levels are improved in eCO2 and plants are able to maintain higher rates of gs during heat waves 
then A will be stimulated by heat waves in eCO2 but not aCO2; 2) if A is stimulated in the eCO2 
heat wave plots it will lead to greater biomass production and yield; 3) rates of nighttime leaf R 
will reflect rates of photosynthesis acclimate to heat waves; 4) although seed yield may be 
decreased by heat waves that are applied during sensitive reproductive stages, if heat waves 
increase and bulk water flow is limiting then nutrient uptake and seed quality will be improved 
by heat waves in eCO2. 
Methods:  
Description of the field site and heating equipment 
The experiment was performed on field-grown soybean (Glycine max (L.) Merr. cv. 93B15, 
Pioneer Hi_Bred International Des Moines, IA, USA) in the summer of 2012 at the Soybean 
Free Air Concentration Enrichment (SoyFACE) research facility located at the University of 
Illinois research farms (Savoy Il, USA). Plants were grown under either ambient carbon dioxide 
concentrations (aCO2, ~390 ppm) or elevated CO2 concentrations (eCO2, 600 ppm). CO2 
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concentrations were elevated within the experimental plots through the use of FACE technology, 
as described in Migletta et al. (2001). A detailed description of the fumigation and 
micrometeorological equipment used at SoyFACE can be found in Leakey et al. (2004). There 
were eight experimental plots, four aCO2 and four eCO2, each octagonal plot was 20 m across 
the widest dimension. Within each eCO2 and aCO2 plots, three experimental treatments were 
applied, two heat waves and a control. This created six treatments: the ambient CO2 control 
(aCO2), ambient CO2 first heat wave (aWv1), ambient CO2 second heat wave (aWv2), elevated 
CO2 control (eCO2), elevated CO2 first heat wave (eWv1) and elevated CO2 second heat wave 
(eWv2). The first heat wave was applied to an early reproductive stage when ca. 10% of plants 
were flowering (R1). The second heat wave was applied to a later reproductive stage when 
soybeans were in pod filling (R5). Each heat wave subplot was 7 m2 of treated area. 
The heat wave treatments were imposed using infrared (IR) heating technology, as 
described in Ruiz-Vera et al. (2013). Briefly, a hexagonal array of heaters and infrared 
radiometers (IRR, SI-121; Apogee Instruments, Inc., Logan, UT, USA) were mounted 1.2 m 
above the plant canopy prior to each heat wave. IRR’s monitored canopy temperatures inside the 
control and heat wave plots. A dimmer system was used to modulate the electrical power to the 
heaters to maintain canopy temperatures at the designated set point.  
Previous heat waves (see chapters 1 and 2) were defined as 3 day long events where 
canopy temperatures were kept 6 oC above ambient. From the years 1970 to 2000, heat waves of 
that intensity and duration occurred in Central Illinois at a frequency of 1 out of 5 years. Heat 
waves in this study were 5 days events long during which canopy surface temperatures were kept 
6 oC above ambient. Heat waves of this intensity and duration are twice as rare and occur once 
out of every 10 years. Canopies were heated to the 6 oC set point except under three conditions: 
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1) canopies were not heated beyond 40o C, 2) if at any point ambient temperatures dropped 
below the 30 year mean for that day, the canopy was heated 6o C above the 30 year mean and 3) 
in the event of rainfall there was no attempt to heat the canopy. To keep the heating elements dry 
power was maintained at 1/3 maximum output.  
Soil moisture probes (Stevens hydra soil moisture probes; Portland, OR USA) were 
installed at depths of 10, 40 and 70 cm while plants were in early vegetative development (V2) to 
monitor soil moisture and temperature.  
Development 
To track plant vegetative and reproductive growth, five plants were tagged within each subplot 
and revisited every 2-3 days. Vegetative and reproductive development was charted according to 
Fehr and Caviness (1977).  
Final harvest, ANPP 
Above ground net primary productivity (ANPP) was measured three times during the season, 
four days after the end of Wv1 and Wv2 and during final harvest after plants reached maturity 
(R8). Areas sampled for ANPP during the first two time points were 0.4 m2 plots of uniform 
density. Plots at final harvest were 0.8 m2. Plants were cut at their base and the tissues were dried 
for 5 days in a forced-air drying oven at 65 oC. At final harvest, plants were separated into stem 
and seed tissue for final seed yield determination. To catalog how seed yield differed over 
varying heights in the canopy, 10 plants separate from the final harvest were collected from each 
subplot. Starting at the base of the plant seeds from each 10 cm height increment were separated, 
dried and weighed.  
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Midday gas exchange and SLW 
Midday gas exchange measurements were made on the upper most fully expanded trifoliate on 
the day before both heat waves, on the first, third and fifth days and the day after heat waves 
between 12 p.m. and 1 p.m. with an infrared gas analyzer LiCor-6400 equipped with a 
fluorometer. Before measuring leaves in the heated plots, block temperatures on the gas 
exchange system were adjusted so that leaf temperatures were equivalent to the heat wave set 
point. Specific leaf weight (SLW) punches 0.5 cm2 were collected on leaves of the same age to 
corroborate the gas exchange results. SLW samples were dried in an oven at 65 oC for 5 days 
before they were weighed.  
Seed quality and nutrient content 
During final harvest 10 plants were collected from each plot and used for seed quality analysis. 
Plant height was recorded and the seed was separated into quadrants - top, top middle, bottom 
middle and bottom. Individual seeds from every factorial heat wave and CO2 treatment and 
canopy position (one subsample for a total n = 4) were run through in inductively coupled 
plasma mass spectroscopy (ICP-MS) instrument as described in Ziegler et al., (2012).  
  Seed that was sorted into canopy position was also used to measure oil and protein 
concentration.  
Respiration 
Temperature response of respiration measurements were made on the upper-most fully expanded 
tri-foliate on the fourth night of each heat wave between 12 and 3 am with a Licor-6400 
equipped with a customized respiration chamber (Gillespie et al., 2012) designed to enclose an 
entire trifoliate. Whole leaf respiration rates were measured at ambient temperatures and at 10 oC 
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above and below ambient temperatures. After respiration rates were logged leaves were cut at the 
base of the petiole, labeled and stored in a sealed zip-lock bag. After the measurements were 
complete, the leaf area of each tri-foliate was measured (LiCOR-3100 leaf area meter, LI-COR, 
Inc.,) and respiration rates were adjusted to an area basis.  
Statistics 
The experiment was a split plot randomized complete block design (n = 4). Unless otherwise 
stated all statistical tests were a mixed model ANOVA using the MIXED function in SAS 
software. The effect of block was considered random and the effects of CO2 and the heat wave 
were considered fixed. Measurements that were repeated through the height of the canopy or 
over the course of the heat wave treatment were analyzed as repeated measures. For example, the 
midday photosynthetic and ANPP data are analyzed as a repeated measure that in includes day of 
year (DOY) as the repeated term. Measurement temperature is the repeated term in the 
respiration measurements. Similarly, in the seed quality data canopy position was included as the 
repeated term.  
Results: 
Soil moisture and canopy temperatures 
During Wv1, both aWv1 and eWv1 plots were within 15% of the target temperature 80% of the 
time. During Wv2 when it wasn’t raining, aWv2 was within 15% of the target canopy 
temperature 75% of the time while eWv2 was within 15% of the target temperature 84% of the 
time. Night time temperatures dropped below the 30 year mean on every night of Wv1 but most 
significantly on the second night, DOY 194 (Fig. 3.1). On the final day of Wv1 the heater array 
power was reduced to one third the maximum output due to intermittent showers but still 
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warmed the canopy above ambient. During Wv2, background temperatures were cooler than 
average and it rained a portion of every day. During the first day of Wv2 before a brief 
precipitation event, canopy temperatures were 10 oC below the 30 year mean causing the target 
temperature to rise to ca. 16 oC above ambient.  
Measurement of pod temperatures on day 2 of Wv2 (Fig. 3.2) revealed a significant 
temperature × height interaction. The pods at the top of the canopy in the heat waves plots were 
ca. 6 o C hotter than ambient, while pods at the bottom of the canopy were only ca. 2 oC warmer. 
The heat waves treatments did not affect soil moil moisture at 10, 40 or 70 cm (data not shown). 
Plant development, ANPP and final harvest and seed quality 
The main effect of the heat wave treatments did not affect ANPP (p = 0.2) (Table 3.1) or plant 
development (not shown). Under elevated CO2 there was no difference in ANPP among the 
control, Wv1 and Wv2 treatments on any DOY. There was a significant main effect of elevated 
CO2 on full season ANPP (p < 0.0001). End of season ANPP was stimulated by 28% by elevated 
CO2 (Table 3.1).  
Similar to ANPP results, elevated CO2 increased final seed yield but there was no effect 
of either heat wave on yield at elevated or ambient CO2. The main effect of elevated CO2 
stimulated yield by ca. 23% (Table 3.1). A more detailed analysis of seed yield showed that there 
were strong positional influences on seed yield (Fig 3.3). That is, yield increases under elevated 
CO2 occurred at the upper nodes of the canopy. 
Seed quality was also affected by elevated CO2 and, there were no clear heat wave 
effects. Iron, nickel, copper, zinc cadmium and sulfur content were strongly reduced under 
elevated CO2 (Fig. 3.4; Table 3.2). The main effect of elevated CO2 significantly (p < 0.05) 
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reduced Cu and Zn content by 10%, Fe and S by 5%, Ni by 15% and Cd by 20%. Additionally, 
there were strong canopy positional effects on seed nutrient composition. Thirteen of the 16 
nutrients tested had significant position effects (p < 0.1). Of these, roughly half of the nutrients 
(Ca, Cu, Fe, Mg, P and Zn) decreased toward the top of the canopy. The effects of canopy 
position were large relative to the effects of elevated CO2 (Fig. 3.4). Comparing all factorial 
treatments at the bottom of the canopy to the top, there was a ca. 30% reduction in Fe and Cu at 
the top of the canopy.  
Seed oil and protein concentration were also affected by elevated CO2 (Fig. 3.5). Protein 
content was decreased under elevated CO2 (p = 0.0004) and there was also a significant 
interaction between canopy position and CO2 (Table 2; p= 0.001). Unlike protein, there was a 
small increase in oil concentration under elevated CO2 (p = 0.02). The main effect of the CO2 
concentration increased the oil by 2%. Like the protein data, oil concentration also had a 
significant canopy position × CO2 interaction (p = 0.01). In the top quadrant of the canopy eCO2 
increased seed oil concentration by 4%. At the bottom quadrant the increase in seed oil was 2%. 
There were no heat wave effects on oil or protein concentration (Table 3.2).  
Photosynthesis and respiration  
 Presumably the effect was season long but when it was measured, elevated CO2 stimulated 
midday A during Wv1 (p = 0.04) and Wv2 (p = 0.003) (Fig. 3.6; Table 3.3). The main effect of 
CO2 increased A by 15% during Wv1 and 34% during Wv2. Although Wv2 leaf temperatures 
were not as hot as they were in Wv1, midday A was reduced by both heat wave treatments (p < 
0.0001; Table 3). There was a significant day × heat wave interaction during Wv1 (p = 0.0004) 
and a nearly significant interaction during Wv2 (p = 0.11). Rates of midday A were no different 
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between the control and heat wave (e.g. aCO2 vs. aWv1 and eCO2 vs. eWv1; Fig. 3.6) plots on 
the first day, reduced at midday during the three heat wave measurements and then the same as 
the control the day following the heat wave. Interestingly, there was a significant CO2 × heat 
wave interaction during Wv1, which is contrary to the notion that elevated CO2 could ameliorate 
heat wave-induced reductions in A. Indeed heat waves caused a greater magnitude decrease in A 
in eCO2 than aCO2 during Wv1 (Fig. 3.6; Table 3.3; p = 0.03).  
The main effect of CO2 significantly reduced gs by 30% during Wv1 (Fig. 3.6; Table 3.3). 
During Wv2, the main effect of CO2 did not significantly reduce gs (Fig 3.6; p = 0.2). However, 
there was a significant CO2 × day interaction during Wv2 (p = 0.08), driven by a large reduction 
in gs (control aCO2 vs. control eCO2) on day 5. Wv1 (p = 0.002) and Wv2 (p = 0.0002) both 
significantly reduced gs. The main effect of Wv1 (comparing aC + eC vs. aWv1 + eWv1) 
reduced gs by 36%, while Wv2 reduced gs by 46%. Additionally, during Wv2 there was a CO2 × 
heat wave interaction (p = 0.08) where the magnitude decrease of gs caused by Wv2 was greater 
in aCO2 than it was in eCO2. Days 1, 3 and 5 of Wv2 caused a ca. 70% decrease in gs in aCO2 
and a 55% decrease in gs at eCO2. Unlike midday A during Wv1, there was no significant heat 
wave × day interaction on gs. That is, gs was still reduced in the heat wave treatments on day 6, 
the day after Wv1 ended.  
Ci’s were significantly increased by eCO2 (Wv1, p < 0.0001; Wv2, p < 0.0001) and 
decreased the heat wave treatment (Wv1, p = .001; Wv2, p < .0001). Similar to the midday A 
data, there was a significant heat wave × day effect during Wv1 (p = 0.003) and Wv2 (p = 0.02). 
So like rates of photosynthesis, Ci was decreased during the heat waves but was no different than 
the control on day 6, the day after the heat wave treatments ended (e.g., aWv1 = aC and eWv1 = 
eC).  
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During Wv1 and Wv2, the main effect of CO2 and the heat wave treatment had a 
significant effect on SLW (Fig. 3.7; Table 3.3). There was no significant heat wave × CO2 
interaction during either heat wave. There were no statistically significant heat wave or CO2 
effects on Vcmax, Jmax or Rd during Wv1 or Wv2 (not shown). 
The range of temperatures during the temperature response of respiration measurements 
was greater during Wv2 than Wv1 (Fig. 3.8). Due to cooler background temperatures, it was 
possible to control the leaf temperatures within the measurement chamber below 15 oC during 
Wv2 but it was difficult to make measurements above 30 oC. Respiration did not appear to 
acclimate to eCO2 (Fig. 3.8). That is, the effect of CO2 was the same over different leaf 
temperatures. There were relatively lower rates of leaf R in the heat wave plots at higher 
temperatures, which led to a significant temperature × heat wave interaction during Wv1and a 
(Fig. 3.8) The main effect of CO2 was not significant during Wv1 (p = 0.64) or Wv2 (p = 0.71) 
and there was no CO2 × temperature or CO2 × heat wave interaction. Averaged over all the 
measurement temperatures, heat waves reduced leaf respiration non-signifiantly during Wv1 
(20% decrease, p = 0.15) and 45% during Wv2 (45% decrease, p = 0.01). Although heat waves 
had an impact on respiration rates, the measurement temperature had the most significant effect 
respiration for both Wv1 and Wv2 (both heat waves p < 0.001). During Wv1, leaf respiration 
rates were 200% greater at 32 oC than they were at 18 oC and, during Wv2 respiration was 120% 
greater at 30 oC then it was at 14 oC.  
Discussion: 
The first hypothesis that if soil moisture levels are improved in eCO2 and plants are able to 
maintain higher rates of gs during heat waves then A will be stimulated by heat waves in eCO2 
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but not aCO2 was not supported as: A and SLW were decreased by both heat waves under 
ambient and elevated CO2. Compared to eC, not only were rates of gs and A lower in eWv1, but 
the relative decrease in A due to waves was greater under eCO2 than aCO2. The second 
hypothesis that if A is stimulated in the eCO2 heat wave plots it will lead to greater biomass 
production and yield was perforce negated after the first hypothesis was rejected. The third 
hypothesis that rates of nighttime leaf R will reflect rates of photosynthesis acclimate to heat 
waves was supported as rates of nighttime leaf R coincided with decreases in A and SLW. Lastly, 
the fourth hypothesis that heat waves in eCO2 could increase and bulk water flow, nutrient 
uptake and seed quality was rejected. Although there were significant canopy position effects 
and CO2 effects on seed quality, there were no improvements in seed quality in eCO2 due to heat 
waves. 
There was no acclimation of A to either CO2 or the heat treatment during Wv1 or Wv2. 
Vcmax and Jmax were the same for every factorial treatment during both heat waves. So any 
difference in midday A and can attributed to stomatal behavior and differing Ci’s. In soybean, the 
stimulation of A due to elevated CO2 is small when gs is less than 0.2 µmol H2O m
-2s1 (Ruiz-Vera 
et. al, 2013). So, it is not surprising that midday rates rate A were the same in the aWv1 and 
eWv1 when gs values were consistently close to 0.1 µmol H2O m
-2s1.  
This is the first case where there was documented acclimation of nighttime R in field 
grown soybean to changes in growth temperature (Fig. 8). However, it was not possible to 
measure the Q10 of R given the difficulty of controlling leaf temperature in the field. At best leaf 
temperatures were adequately controlled over a range of 15 oC. The size of the chamber made it 
difficult to heat and cool. If the dynamics of leaf R are going to be improved to inform climate 
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change models then more technical advancements are needed to capture a fuller spectrum of leaf 
temperatures.  
Previous work has shown that soybean grown in eCO2 have a greater amount of total 
nonstructural carbohydrate in the leaves at dawn relative to aCO2, which shows that plants grown 
at eCO2 do not entirely consume the extra photosynthate by respiration (Ainsworth et al., 2005). 
Archived leaf samples from this experiment could provide candidate gene targets for future 
experiments. For example, which genes associated with acclimated respiratory metabolism were 
down regulated by day 5 of both heat waves and would nighttime R be further stimulated if those 
genes were over expressed?  
Since they are documented responses of soybean to growth in eCO2 it is necessary to 
provide a reason why in this study there was no stimulation of nighttime R or acclimation of 
Vcmax or Jmax in eCO2 (Leakey et al., 2009; Rosenthal et al., 2014 in press). The acclimation of 
Vcmax and Jmax to eCO2 is dependent on nitrogen availability (Ainsworth et al., 2004) and in 2012 
there were no changes in management practices that could explain why there would be any more 
or less nitrogen available. Additionally, the variety of soybean used in this experiment forms 
nodules and fixes nitrogen (Gray et al., 2013). So given an adequate amount of nutrients, it is 
reasonable to expect minimal or non-significant effects of eCO2 on Vcmax or Jmax (Rogers et al., 
2009). The response of R is more difficult to explain since the stimulation of R to eCO2 was 
shown to be greater when N is more available (Markelz et al., 2013). However, it is worth noting 
that the kinetics of leaf R to growth nitrogen varies between species are not well understood 
(Gifford, 2003).  
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Yield and ANPP were stimulated as expected under elevated CO2 (Table 1). Although 
SLW and midday A were decreased during Wv2 there were no heat wave effects on yield. A 
longer heat wave and or generally greater reductions in A should affect yield during R5 (Board et 
al., 2010) The three day heat wave applied in 2010 during R5 caused a non-significant, 10% 
decrease in yield (Chapter 1). Average day/night leaf temperature during that heat wave in 2010 
were 33/27 oC, compared to 28/21oC during Wv2 in 2012. Similarly, pod temperatures at the top 
of the canopy (100 cm from the ground) measured on day two of the R5 heat wave in 2010 were 
30 oC in the control and 36 oC in the heat wave plots. In 2012, the upper canopy pod 
temperatures were 22 oC in the control plots and 28 oC in the heat wave plots at midday. Pods in 
the control treatment in 2010 were warmer than pods in the heat wave treatment in 2012.  
In aCO2, harvest index (HI) begins to decrease at growth temperatures above 28 
oC. In 
eCO2 however, HI decreases occur at growth temperatures above 22 
oC (Baker, 1989). Although 
it was non-significant, this is consistent with the observation that the biggest percentage decrease 
in yield was between eCO2 and eWv2. This experiment also solidly affirms the observation seen 
in chapter 1 that heat waves during late vegetative, early reproductive stages (beginning R1) 
have no impact on final yield determination, which is not surprising since indeterminate varieties 
of soybean can lose 80% of their leaf area during R1-2 and suffer a mere 10% yield loss (Klein, 
2011). Still, Wv1 was longer or hotter than any early reproductive heat wave in 2010 or 2011. 
Canopy day/night temperatures in the heat wave plots averaged 35/28 oC over five days in the 
heat wave plots. Yet there were no lasting impacts on yield and more surprisingly ANPP.   
Compared to upper canopy seeds in aCO2, seeds in eCO2 had less protein and more oil. 
This was likely caused by a dilution effect, an increased amount of photosynthate supply relative 
to N uptake (Taub and Wang, 2008). The change in protein concentration in eCO2 was small but 
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consistent with what has been reported in soybean (Taub et. al, 2008). However, it is the only 
time at SoyFACE that there has been a reported change soybean protein concentration (Meyers et 
al., 2014). Heat waves had no effect on protein or oil content for the same reasons there was no 
yield effect. Heat waves early in crop development, unless they are catastrophic, typically do 
little to yield and Wv2 was not an extreme temperature event. 
  The heat waves did not increase seed nutrient quality in eCO2 during Wv1 or Wv2. 
Increased transpiration and bulk flow has been shown to increase nutrient concentration (Oliveira 
et al., 2010). However in Oliveira et al., (2010) stressed vs. unstressed treatments were far more 
extreme than the conditions during Wv1 or Wv2 and nutrient concentration was measured in 
maize stem xylem exudate and not the seed. So it is uncertain what increase in ET it would take 
in soybean to cause a change in nutrient uptake and whether that would lead to the translocation 
of those nutrients to developing seeds. Even though gs was reduced by Wv1 and Wv2 whole leaf 
transpiration, simplistically, is also a function of the leaf water status and the vapor pressure 
deficit (Gao et al., 2002). So if VPD was increased and leaves maintained a similar leaf water 
status in the heat wave plots relative to the control, there could be greater rates of transpiration 
despite lower rates of gs. It would be interesting to examine seed samples from the Ruiz-Vera et 
al. (2013), where IR heaters were used to apply a season long +3 oC treatment to soybeans at 
aCO2 and eCO2.  
Virtually every essential macro and micro nutrient is reduced by eCO2 (McGrath and 
Lobell, 2012). The nutrients observed to be reduced by CO2 in this study (p < 0.05; Fe, Cu, Zn, 
Rb, Cd, Mg and S) were in good agreement with meta-analytic results on nutrient changes at 
elevated CO2 (McGrath and Lobell, 2012). However, and it is unclear why, certain nutrients that 
are reported to decrease in eCO2 (Ca, Co, K, Mn and P) were not observed to decrease in this 
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study. It could be an effect of the soils at the field site and the local pH balance, which would 
strongly affect nutrient uptake. 
This is the first study to report strong differences in seed nutrient concentration within the 
vertical canopy profile. Every nutrient except Na, Se, and Cd had statistically significant effects 
of canopy position. There were several others (Sr, Na, Ca and S) that had significant CO2 × 
position interaction, where the effect of CO2 changes at different levels of the canopy. 
Conclusions: 
Heat waves were applied across two CO2 concentrations. No changes to Vcmax or Jmax and large 
CO2 stimulations in end of season ANPP (30%) and yield (25%) suggested ample N availability. 
However, there was an uncharacteristic decrease in seed protein concentration. Heat waves had 
no effect on biomass or yield because the only heat wave that was applied during a sensitive 
developmental stage, R5, was complicated by rain and unseasonably cool temperatures. Pod 
temperatures at the top of the canopy on the second hottest day of Wv2 did not exceed 30 o C. 
Nighttime respiration rates acclimated to the heat wave treatments by day 5 although it is 
uncertain how the aCO2 and eCO2 treatments would behave with more limiting N or under more 
severe heat wave conditions. Seed quality was unaffected by either heat wave treatment. 
Although there were some nutrients that did not change in eCO2, the generally reduced seed 
nutrient concentration due to eCO2 was consistent with the literature. There were also novel 
canopy position and canopy position × CO2 interactive effects that, as of now, manifest for 
unknown reasons. 
References: 
84 
 
Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO2 
enrichment (FACE)? A meta-analytic review of the responses of phososynthesis, canopy 
properties and pland production to rising CO2. New Phytologist 165: 351-372. 
Atkin OK, Tjoelker MG (2003) Thermal acclimation and the dynamic response of plant 
respiration to temperature. Trends in Plant Science 8: 343-351. 
Atkin OK, Bruhn D, Hurry VM, Tjoelker MG (2005) The hot and the cold: unravelling the 
variable response of plant respiration to temperature. Functional Plant Biology 32: 87-105. 
Bagley J, Rosenthal DM, Ruiz-Vera UM, Siebers MH, Kumar P, Ort DR, Bernacchi CJ 
Elevated CO2, rising temperatures, and C3 crops: physiology, feedbacks, and the future. 
Unpublished. 
Baker JT, Allen LH, Boote KJ, Jones P, Jones W (1989) Response of soybean to air 
temperature and carbon dioxide concentration. Crop Science 29: 98-105. 
Bauweraets I, Wertin TM, Ameye M, McGuire MA, Teskey RO, Steppe K (2013) The effects 
of heat waves, elevated [CO2] and low soil water on northern red oak (Quercus rubra L.) 
seedlings. Global Change Biology 19: 517-528. 
Bernacchi CJ, Leakey ADB, Heady LE, Morgan PB, Dohleman FG, McGrath JM, Killespie 
KM, Wittig VE, Rogers A, Long SP, Ort DR (2006) Hourly and seasonal variation in 
photosynthesis and stomatal conductance of soybean grown at future CO2 and ozone 
concentration for 3 years under fully open-air field conditions. Plant Cell and Environment 
29: 2077-2090. 
Bernacchi CJ, Kimball BA, Quarles DR, Long SP, Ort DR (2007) Decreases in conductance 
of soybean under open-air elevation of [CO2] are closely coupled with decreases in 
ecosystem evapotranspiration. Plant Physiology 143: 134-144. 
Board JE, Sumudini S, Prior E, Khalon CS (2010) Yield response of soybean to partial and 
total defoliation during the seed-filling period. Crop Sciences 50: 703-712. 
Castro JC, Dohleman FG, Bernacchi CJ, Long SP (2009) Elevated CO2 significantly delays 
reproductive development of soybean under free-air concentration enrichment (FACE). 
Journal of Experimental Botany 60: 2945-2951. 
Cubasch UD, Wuebbles D, Chen MC, Facchini D, Frame N, Mahowald and Winther JG 
(2013): Introduction. In: Climate Change 2013: The Physical Science Basis. Contribution 
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, 
A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 
Davey PA, Hunt S, Hymus J, DeLucia EH, Drake BG, Karnosky DF, Long SP (2004) 
Respiratory oxygen uptake is not decreased by and instantaneous elevation of [CO2], but is 
increased with long-term growth in the field at elevated [CO2]. Plant Physiology 134: 520-
527.Dornbos DL, Mullen RE (1992) Soybean seed protein and oil contents and fatty acid 
85 
 
composition adjustments by drought and temperature. Journal of the American Oil 
Chemists Society 69: 228-231. 
Fehr WR, Caviness CE (1977) Stages of soybean development. Ames, Iowa: Iowa State 
University of Science and Technology. p. 1-12. 
Gifford RM (2003) Plant respiration in productivity models: conceptualization, representation 
and issues for global terrestrial carbon-cycle research. Functional Plant Biology 30: 171-
186. 
Gillespie KM, Xu F, Richter KT, McGrath JM, Markelz RJC, Ort DR, Leakey ADB, 
Ainsworth EA (2012) Greater antioxidant and respiratory metabolism in field-grown 
soybean exposed to elevated O3 under both ambient and elevated CO2. Plant Cell and 
Environment 35: 169-184. 
Gao Q, Zhao P, Zeng X, Cai X, Shen W (2002) A model of stomatal conductance to quantify 
the relationship between leaf transpiration, microclimate and soil water stress. Plant Cell 
and Environment 25: 1375-1381. 
Gray SB, Strellner RS, Puthuval KK, Ng C, Shulman RE, Siebers MH, Rogers AR, Leakey 
ADB (2013) Minirhizotron imaging reveals that nodulation of field grown soybean is 
enhanced by free-air CO2 enrichment only when combined with drought stress. Functional 
Plant Biology 40: 137-147. 
Karnosky DF, Zak DR, Pregitzer KS, Awmak CS, Bockheim JG, Dickson RE, Hendry GR, 
Host GE, King JS, Kopper BJ, Kruger EL, Kubiske ME, Lindroth RL, Mattson WJ, 
McDonald EP, Noormets A, Oksanen E, Parson WFJ, Percy KE, Podila GK, 
Riemenschneider DE, Sharma P, Thakur R, Sôber A, Sôber J, Jones WS, Attonen S, 
Vapaavuori E, Mankovska B, Heilman W, Isebrands JG (2003) Tropospheric O3 
moderates responses of temperate hardwood forests to elevated CO2: a synthesis of 
molecular to ecosystem results from the Aspen FACE project. Functional Ecology 17: 289-
304. 
Kimball BA, Pinter PJ, Garcia RL, LaMorte RL, Wall GW, Hunsaker DJ, Wechsung G, 
Wechsung F, Kartschall T (1995) Productivity and water use of wheat under free-air CO2 
enrichment. Global Change Biology 1: 429-442. 
Knepp RG, Hamilton JG, Mohan JE, Zangerl AR, Barenbaum MR, Delucia EH (2005) 
Elevated CO2 reduces leaf damage by insect herbivores in a forest community. New 
Phytologist 167: 207-218. 
Klein, R.N. (2011) Evaluating Hail Damage to Soybeans. Retrieved June, 2014 from 
http://www.ianrpubs.unl.edu/live/ec128/build/ec128.pdf 
Leakey ADB, Xu F, Gillespie KM, McGrath JM, Ainsworth EA, Ort DR (2009) Genomic 
basis for stimulated respiration by plants growing under elevated carbon dioxide. 
Proceedings of the National Academy of Sciences 106: 3597-3602. 
86 
 
Li AG, Hou YS, Wall GW, Trent A, Kimball BA, Pinter PJ (2000) Free-air CO2 enrichment 
and drought stress effects on grain filling rate and duration in spring wheat. Crop Science 
40: 1263-1270.  
Long SP (2006) Modification of the response of photosynthetic productivity to rising 
temperature by atmospheric CO2 concentrations: has its importance been underestimated? 
Plant, Cell and Environment 14: 729-739. 
Ludwig LJ, Canvin DT (1971) The rate of photorespiration during photosynthesis and the 
relationship of the substrate of light respiration to the products of photosynthesis in 
sunflower leaves. Plant Physiology 48: 712-719. 
Markelz RJ, Lai LX, Vossler LN, Leakey AD (2014) Transcriptional reprogramming and 
stimulation of leaf respiration by elevated CO2 concentration is diminished, but not 
eliminated, under limiting nitrogen supply. Plant Cell and Environment 34: 886-898. 
McGrath JM, Lobell DB (2013) Reduction of transpiration and altered nutrient allocation 
contribute to nutrient decline of crops grown in elevated CO2 concentrations. Plant, Cell 
and Environment 36: 697-705. 
Meehl GA, Tebaldi C (2004) More intense, more frequent and longer lasting heat waves in the 
21st century. Science 305: 994-997. 
Miglietta F, Peressotti A, Vaccari FP, Zaldei A, DeAngelis P, Sacarscai-Mugnozza G (2001) 
Free-air CO2 enrichment (FACE) of a poplar plantation: the POPFACE fumigation system. 
New Phytologist 150: 465-476. 
Morgan PB, Bollero GA, Nelson RL, Dohleman FG, Long SP (2005) Smaller than predicted 
increase in aboveground net primary production and yield of field grown soybean under 
fully open-air [CO2] elevation. Global Change Biology 2005: 1856-1865. 
Oliveira EMM, Ruiz HA, Hugo V, Ferreira PA, Costa FO, Ameida ICC (2010) Nutrient 
supply by mass flow and fission to maize plants in response to soil aggregate size and 
water potential. Revista Brasileira De Ciência Do Solo 34: 317-328. 
Rogers A, Ainsworth EA, Leakey ADB (2009) Will elevated carbon dioxide concentration 
amplify the benefits of nitrogen fixation in legumes? Plant Physiology 151: 1009-1016. 
Ruiz-Vera UM, Siebers MH, Gray SB, Drag DW, Rosenthal DM, Kimball BA, Ort DR, 
Bernacchi CJ (2013) Global warming can negate the expected CO2 stimulation in 
photosynthesis and productivity for soybean grown in the Midwestern United States. Plant 
Physiology 162: 410-423. 
Rosenthal DM, Ruiz-Vera UM, Siebers MH, Bernacchi CJ, Ort DR (2014) Dynamic 
acclimation to growth at elevated temperature increases the temperature optimum but 
decreases net assimilation at elevated [CO2]. Plant Science: In press. 
Taub DR, Miller B, Allen H (2008) Effects of elevated CO2 on the protein concentration of food 
crops: a meta-analysis. Global Change Biology 14: 565-575. 
87 
 
Taub DR, Wang X (2008) Why are Nitrogen Concentrations in Plant Tissues Lower under 
Elevated CO2? A Critical Examination of the Hypotheses. Journal of Integrative Plant 
Biology 50: 1365-1374. 
Tokida T, Fumoto T, Cheng W, Matsunami T, Adachi M, Katayanagi N, Matsushima M, 
Okawara Y, Nakamura H, Okada M, Sameshima R, Hasegawa T (2010) Effects of 
free-air CO2 enrichment (FACE) and soil warming on CH4 emission from a rice paddy 
field: impact assessment and stoichiometric evaluation. Biogeosciences 7: 2639-2653. 
Ziegler G, Terauchi A, Becker A, Armstrong P, Hudson K, Baxter I (2013) Ionomic 
screening of field-grown soybean identifies mutants with altered seed elemental 
compositions. The Plant Genome 6: 1-9 doi: 10.3835/plantgenome2012.07.0012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
88 
 
Chapter 3 figures and tables: 
Table 3.1. Above ground net primary productivity (ANPP) measured 3 days after each heat wave 
and at final harvest, along with seed yield. Symbols next to ANPP denote the results of repeated 
measures analysis: “§” is a significant (p < 0.05) main effect of CO2 and “†” is a significant day 
of year (DOY) effect. Symbols next to seed yield similarly denote significant terms from an 
ANOVA. “§”signifies a significant main effect of CO2. Heat waves did not have a significant 
effect on seed yield or ANPP. aC is the ambient CO2 control temperature plot. aWv1 is the 
ambient CO2 first heat wave plot. aWv2 is the ambient CO2 second heat wave plot.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(gm-2) DOY 
198 343.7 ± 58.9 343.8 ± 58.9 343.7 ± 58.9 545.2 ± 58.9 472.5 ± 58.9 545.2 ± 58.9
233 1020.9 ± 69.9 892.2 ± 69.9 834.1 ± 69.4 1149.0 ± 69.9 1123.7 ± 69.9 1061.3 ± 69.4
285 931.0 ± 58.9 898.4 ± 58.9 889.9 ± 58.9 1210.4 ± 58.9 1107.0 ± 58.9 1161.6 ± 58.9
 yield (§) 285 367.7 ± 27.3 354.2 ± 27.3 358.1 ± 27.3 462.5 ± 27.3 447.4 ± 27.3 423.9 ± 27.3
ANPP (§,†)
eWv2aC eCaWv1 aWv2 eWv1
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Table 3.2. P-value results from a repeated measures analysis of seed nutrients and oil and protein 
content showing the effects of CO2 concentration, heat wave treatments (Htwv), and canopy 
position. Before seed nutrient composition was analyzed, plants were divided into quadrants 
based on height and seeds were separated into the following canopy positions: top, top middle, 
bottom middle and bottom.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect Oil Protein Na Mn Fe Co Ni Cu Zn
CO2 0.679 0.6758 0.7634 0.7047 0.0457 0.6693 0.0435 0.0241 0.0102
Htwv 0.0014 <.0001 0.7752 0.4131 0.217 0.0135 0.4428 0.054 0.0196
Canopy position 0.0289 0.0004 0.4711 <.0001 <.0001 0.0012 <.0001 <.0001 <.0001
CO2 × Htwv 0.1963 0.4073 0.541 0.9172 0.729 0.4891 0.0341 0.9954 0.3761
CO2 × position 0.6899 0.238 0.0273 0.3461 0.4153 0.8332 0.1247 0.2974 0.0637
Htwv × position 0.0104 0.0014 0.5934 0.2491 0.5691 0.0373 0.0478 0.4489 0.5471
CO2 × Htw × position 0.4197 0.3622 0.6878 0.455 0.1197 0.7322 0.362 0.6715 0.1996
Rb Sr Mo Cd K Ca Mg P S
CO2 0.1359 0.8484 0.4869 0.035 0.1462 0.7688 0.1552 0.8508 0.0069
Htwv 0.5818 0.0305 0.9441 0.805 0.9394 0.2518 0.0101 0.0014 0.6475
Canopy position <.0001 0.6747 0.0191 0.5603 0.0019 0.0374 <.0001 0.081 <.0001
CO2 × Htwv 0.3969 0.6111 0.987 0.0649 0.2573 0.7293 0.6477 0.5462 0.6624
CO2 × position 0.1123 0.0022 0.6183 0.7318 0.7209 0.011 0.7752 0.7287 0.0349
Htwv × position 0.1847 0.1506 0.9736 0.1443 0.4018 0.3782 0.9105 0.5588 0.917
CO2 × Htw × position 0.0986 0.2807 0.9753 0.9356 0.2974 0.0135 0.5037 0.4444 0.2163
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Table 3.3. P-value table showing output from repeated measures analysis of Wv1 (top) and Wv2 
(bottom). It shows the statistical significance of CO2, heat wave (Htwv) and day of year (DOY) 
on: midday photosynthesis (A), stomatal conductance (gs), leaf internal carbon dioxide 
concentration Ci and specific leaf weight (SLW). 
 
Htwv Effect A gs Ci SLW 
 
 
 
 
Wv1 
CO2 0.0426 0.0053 <.0001 0.0002 
Htwv <.0001 0.0017 0.0098 0.0142 
DOY <.0001 <.0001 <.0001 <.0001 
CO2 × Htwv 0.0332 0.7423 0.3927 0.488 
CO2 × DOY 0.3968 0.1928 0.2019 0.1431 
Htwv × DOY 0.0004 0.0533 0.0029 0.0775 
CO2 × Htwv 0.4598 0.9906 0.5155 0.5969 
 
 
 
   Wv2 
CO2 0.003 0.1997 <.0001 0.0242 
Htwv <.0001 0.0002 <.0001 <.0001 
DOY <.0001 <.0001 <.0001 <.0001 
CO2 × Htwv 0.11 0.0755 0.0203 0.99 
CO2 × DOY 0.3723 0.0835 0.0051 0.0832 
Htwv × DOY 0.1563 <.0001 <.0001 0.0042 
CO2 × Htwv 0.8962 0.5982 0.5329 0.4457 
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Figure 3.1. Hourly averages of actual (top) and target (bottom) canopy temperature during (a) 
Wv1 and (b) Wv2. Abbreviations: aC, ambient CO2 control; aWv, ambient CO2 heat wave; eC, 
elevated CO2 control; eWv, elevated CO2 heat wave.  
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Figure 3.2. Pod temperatures during the second heat wave (Wv2) at four heights throughout the 
canopy. Abbreviations: aC, ambient CO2 control (aC); ambient CO2 second heat wave (aWv2); 
elevated CO2 (eC); elevated CO2 second heat wave (eWv2).  
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Figure 3.3. Seed yield profile at 10 cm increments in ambient (aCO2) and elevated (eCO2) CO2.  
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Figure 3.4. Seed nutrient concentration (parts per million) in different canopy quadrants under 
ambient (black circles) and elevated CO2 (gray circles).  
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Figure 3.5. Protein and oil concentration in different quadrants of the canopy in ambient CO2 and 
elevated CO2.  
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 Figure 3.6. Measurements of midday gas exchange during Wv1 (left column) and Wv2 (right 
column). Midday gas exchange measurements of photosynthesis (A), stomatal conductance (gs) 
and leaf internal CO2 concentration (Ci) were taken between noon and 1:30 pm on the upper 
most fully expanded soybean trifoliate. Measurements were made the day before the heat wave 
was powered on (pre) the first, third and fifth days of the heat wave (1, 3 and 5) and the day after 
the heaters were powered down (post). 
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Figure 3.7. Specific leaf weight (SLW) during Wv1 (a) and Wv2 (b). SLW measurements were 
collected at midday on the youngest most fully expanded trifoliate on the day before (pre) the 
first third and fifth days of the heat wave (1,3 and 5) and on the day following the heat wave 
(post).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
98 
 
 
Figure 3.8. The temperature response of leaf nighttime respiration (R) was measured during Wv1 
and Wv2 on the youngest most fully expanded leaves between midnight and 3 am. Text notes the 
results from a repeated measures analysis. 
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CHAPTER 4 
Concluding remarks 
This was the first field-based, open-air heat wave research to utilize infrared heating technology. 
In 2010 and 2011, three day long +6 oC heat waves, which occur naturally once in every five 
years in Central Illinois, significantly, negatively altered reproductive growth and development 
in both soybean and corn. These results are concerning. Especially in the context of future 
climate predictions: in the next century heat waves are going to increase in frequency, intensity 
and duration. Heat wave experiments in 2012 attempted to address the effects of future, more 
extreme heat waves on soybean grown at current (~400 ppm) and future (600 ppm) [CO2]’s. 
Although heat waves in 2012 failed to create differences in yield at ambient or elevated CO2, 
largely due cool, rainy to weather, they provided enough interesting results to merit repetition. 
For example, rates of nighttime leaf respiration acclimated to heat waves and elevated growth 
temperature, which has implications for predicting and modeling ecosystem responses to heat 
waves; and even though they are negative results, it is still perplexing to grasp why 
photosynthetic rates of soybean grown at elevated CO2 are never stimulated by elevated 
temperature. This research provided a frame work for conducting field based heat wave 
experiment but there were far more questions unanswered than answered.  
In soybean in 2010 and 2011, the mechanism of yield loss still remains uncertain but, it 
came as surprise that heat waves had such a direct impact on reproductive processes. In soybean, 
projected yield loss due to global warming is modest compared to other more temperature 
sensitive crops, like wheat or corn. Yet, when heat waves were applied to early stages of pod set 
(R3, R4) there was significant yield loss. That yield loss, at least during 2011, was associated 
100 
 
with the abortion of pods on the main-stem that were 30-50 cm from the ground. Although there 
was a clear snap-shot of where yield loss was happening, the mechanism of yield loss is unclear. 
 In 2011 when a heat wave was applied to corn during silking, a sensitive reproductive 
phase, reproductive biomass was significantly reduced. This occurred while the heat wave had: 
no clear effects on photosynthesis, no lasting impact on leaf water status and a negligible impact 
on month-long water demand. So, it appeared that reproductive growth was directly, negatively 
affected by heat waves. However, increased vapor pressure deficits may have been a factor, 
drying reproductive tissues. In either case, for soybean or corn, current models that explain the 
effects of elevated temperature on crop yield are unable to account for the impacts of these short 
heat waves that occur during critical reproductive stages.   
2012 was an opportunity to explore the effects of heat waves on crops growing in CO2 
concentrations predicted for the middle of this century. Growth at elevated CO2 negatively 
affects seed nutrient quality but since heat waves stimulate evapotranspiration (ET), there is a 
possibility that CO2 could  improve seed quality, even if that only meant returning nutrient 
concentrations back to levels comparable to ambient CO2. Due to cool weather or possibly the 
length or intensity of the heat wave treatment, there were no heat wave effects on seed quality. 
A knowledge gap unexplored during 2012 is effects of heat waves on ET.  The Russian 
“mega wave” of 2010 persisted as long as it did - 3 months - because of land-atmosphere feed 
backs. The soil was dry and there was no convection to break the high pressure heat wave system 
so the front lingered. Plants grown at elevated CO2 have lower stomatal conductance which can 
lead to increased soil moisture reserves. Relative to plants grown at the current [CO2], can plants 
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in the future mitigate heat wave length by tapping into soil moisture reserves and increasing ET? 
The infrared heat wave infrastructure could be used to test that question.  
There is also the worrying observation that the optimum temperature for soybean harvest 
index is lower at elevated CO2 than ambient CO2. When will crop failure occur due to heat 
waves at ambient and elevate [CO2]? How long and hot does a heat wave need to be until yield is 
reduced by > 50 percent? There are a number of questions that still need to be addressed.   
